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A	 hallmark	 of	 mammalian	 evolution	 is	 the	 establishment	 of	 the	 cerebral	
neocortex,	which	allows	for	the	extremely	complex	level	of	connectivity	required	for	
many	 higher	 order	 cognitive	 functions.	 Recently	 cytoplasmic	 dynein	 and	 its	
regulatory	proteins	have	been	found	to	play	a	fundamental	role	in	development	of	
the	 neocortex.	 Human	 mutations	 in	 genes	 encoding	 cytoplasmic	 dynein	 or	 its	
regulatory	 factors	 are	 associated	 with	 a	 variety	 of	 malformations	 of	 cortical	




in	 dynein-related	 genes	 that	 result	 in	 cortical	 malformations,	 as	 well	 as	 genetic-
forms	of	microcephaly	beyond	genes	within	the	dynein	complex.	
1.1	–	Neocortical	Development:	
The	neocortex	 is	 a	 specialized	 structure	of	 the	mammalian	 central	nervous	
system	made	up	of	six	distinct	neuronal	layers	located	in	the	superficial	portion	of	
the	forebrain	(Glasser	et	al.,	2016)	(Figure	1.1).	Eighty	percent	of	the	neurons	here	
are	 excitatory	 and	 project	 axons	 to	 other	 regions	 of	 the	 neocortex	 or	 deep	 brain	
structures	 such	 as	 the	 thalamus,	 basal	 ganglia,	 cerebellum,	 hindbrain,	 or	 nuclei	











Development	 of	 the	 rodent	 neocortex	 is	 quite	 similar	 to	 that	 of	 the	human	
neocortex	 (Figure	 1.1),	 with	 the	 most	 noticeable	 differences	 being	 between	 the	
proliferative	zones	containing	the	stem	cells,	leading	to	the	gross	differences	in	the	
extend	and	size	of	convolutions	observed	in	the	adult	human	brain	(Lewitus	et	al.,	
2013).	 Development	 of	 the	 neocortex	 begins	 during	 embryogenesis	 with	 the	
formation	 and	 closure	 of	 the	 neural	 tube,	 which	 begins	 as	 a	 single	 layer	 of	
pseudostratified	 neuroepithelial	 cells	 (Paridaen	 and	 Huttner,	 2014)	 (Figure	 1.2).	
Figure	 1.1:	 Comparison	 of	 Rodent	 and	 Human	 Neocortical	 Development:	 Schematic	
illustrating	the	location	of	the	neocortex	within	the	developing	rodent	and	human	embryos.	There	
re	are	striking	differences	 in	 the	proliferative	regions	containing	radial	 glia	progenitors	(RGPs).	
(A)	In	the	rodent	neocortex	all	RGP	cell	bodies	are	located	within	the	ventricular	zone	(VZ),	with	
some	 transient	 amplifying	 cells	 in	 the	 subventricular	 zone	 (SVZ).	 The	 intermediate	 zone	 (IZ)	
contains	 horizontally-oriented	 axons,	while	 the	 subplate	 (SP)	 and	 cortical	 plate	 (CP)	 represent	
the	 expanding	 neuronal	 layers	 in	 which	 the	 bipolar	migrating	 neurons	 accumulate.	 (B)	 In	 the	
developing	 human	 neocortex,	 the	 SVZ	 is	 greatly	 expanded	 into	 an	 inner	 (iSVZ)	 and	 outer	 SVZ	






the	 neural	 tube	 (eventually	 the	 ventricular	 surface),	 and	 a	 basal	 process	 that	
extends	 to	 the	 extracellular	 matrix	 at	 the	 outer	 surface	 of	 the	 neural	 tube.	 	 The	
neuroepithelial	 cells	 exhibit	 an	 unusual	 form	 of	 proliferative	 behavior	 involving	




and	migrates	 apically	 back	 toward	 the	 ventricular	 surface	 during	G2	 (Figure	 1.2).	
Notably,	 the	 neuroepithelial	 cells	 enter	 mitosis	 only	 after	 returning	 to	 the	
ventricular	surface	(Hu	et	al.,	2013).	
	 The	 neuroepithelial	 cells	 undergo	 multiple	 rounds	 of	 INM,	 dividing	
symmetrically	to	produce	two	progenitors,	leading	to	exponential	expansion	of	the	
progenitor	 pool.	 By	 embryonic	 day	 9	 in	mice,	 roughly	 corresponding	 to	 gestation	
week	 6	 in	 humans,	 the	 first	 asymmetric	 neuroepithelial	 cell	 divisions	 occur	
(Kriegstein	 and	 Alvarez-Buylla,	 2009).	 In	 this	 case	 one	 of	 the	 progeny	 retains	 its	
stem	cell	potential	and	 its	elongated	morphology.	The	other	daughter	cell	 retracts	
its	 apical	 and	 basal	 processes	 and	 migrates	 as	 a	 postmitotic	 neuronal	 precursor	
towards	the	basal	(outer)	surface	of	the	neural	tube	(Kriegstein	and	Alvarez-Buylla,	
2009;	 Paridaen	 and	 Huttner,	 2014).	 The	 arriving	 cells	 establish	 a	 transient	
embryonic	 structure	 known	 as	 the	 preplate,	 which	 consists	 of	 Cajal-Retzius	 cells	






basal	 surfaces,	 which	 become	 the	 respective	 ventricular	 and	 pial	 surfaces	 of	 the	
developing	 neocortex.	 The	 RGP	 nuclei	 continue	 to	 exhibit	 INM,	 though	 nuclear	
migration	within	the	cell	 is	now	restricted	to	the	ventricular	zone	(VZ),	defined	as	
the	 portion	 of	 the	 neocortex	 below	 the	 preplate	 (Kriegstein	 and	 Alvarez-Buylla,	
2009;	Paridaen	and	Huttner,	2014).	As	with	most	zones	in	embryonic	development,	
the	 VZ	 is	 a	 transient	 region	 of	 great	 importance	 during	 development,	 though	 it	
disappears	 in	 the	 adult	 brain.	The	RGPs	have	been	 found	 to	 give	 rise	 to	 all	 of	 the	
cells	 that	populate	 the	adult	neocortex,	with	 the	exception	of	 the	microglia,	which	
arise	 from	 the	 bone	 marrow	 (Kriegstein	 and	 Alvarez-Buylla,	 2009)	 The	 basal	
processes	 of	 the	 RGP	 continue	 to	 lengthen	 throughout	 embryonic	 brain	
development	 and	 serve	 as	 tracks	 along	 which	 postmitotic	 neuronal	 precursors	
migrate	 toward	 their	 final	 destinations	within	 the	 neocortex	 (Noctor	 et	 al.,	 2001;	
2004).		
	 As	 the	RGP	cells	continue	 to	divide,	 the	orientation	of	 the	cleavage	plane	 is	
thought	 to	 play	 in	 important	 role	 in	 determining	 symmetric	 versus	 asymmetric	
division	 of	 the	 RGP.	 When	 the	 cleavage	 plane	 is	 oriented	 perpendicular	 to	 the	
ventricular	surface	the	RGP	division	will	 likely	be	symmetric,	resulting	in	two	RGP	








The	 neocortex	 begins	 as	 a	 single	 layer	 of	 neuroepithelial	 progenitors	 that	 eventually	 divide	
asymmetrically,	creating	a	postmitotic	neuronal	precursor	and	a	radial	glia	progenitor	(RGP).		The	
nuclei	 of	 neuroepithelial	 cells	 and,	 the	 RGPs	 they	 become,	 oscillate	 in	 synchrony	 with	 cell	 cycle	
progression,	restricting	mitosis	to	the	ventricular	surface,	in	a	behavior	termed	interkinetic	nuclear	
migration	 (INM).	 The	 RGP	 nuclei	 only	 undergo	 INM	 within	 the	 ventricular	 zone	 (VZ)	 of	 the	











Numb	 is	 thought	 to	 determine	why	 oblique	 cleavage	 planes	 result	 in	 asymmetric	
divisions	(Knoblich,	2010),	though	this	mechanism	and	the	fidelity	of	cleavage	plane	
orientation	 to	 cell	 fate	 specification	 is	 less	 reliable	 during	mammalian	neocortical	
development	(Lancaster	and	Knoblich,	2012).	
After	 the	 completion	of	mitosis	 and	 cytokinesis	 the	progeny	of	 asymmetric	
divisions	leave	the	VZ	and	migrate	towards	the	outer	pial	surface	of	the	developing	
brain	(Noctor	et	al.,	2004)(Figure	1.2).		There	are	a	number	of	behaviors	these	cells	
can	 undergo,	 however,	 en	 route.	 	 The	 precursors	 first	 pass	 through	 the	
subventricular	 zone	 (SVZ),	 where	 they	 can	 divide	 further	 as	 transient	 amplifying	
cells	 termed	 intermediate/basal	 progenitors	 (but	 it	 is	 unclear	 if	 all	 RGP	 progeny	
must	 pass	 through	 an	 intermediate	 progenitor	 stage)	 (Haubensak	 et	 al.,	 2004).	
Following	these	divisions	the	neuronal	precursors	continue	to	migrate	outward	and	
enter	 the	 intermediate	 zone	 (IZ).	 Here,	 in	 the	 lower	 IZ,	 they	 encounter	 a	 dense	
arrangement	 of	 axons	 oriented	 orthogonally	 to	 the	 RGP	 basal	 fibers	 (Figure	 1.2).	
The	neuronal	precursors	adopt	a	multipolar	morphology	at	this	point,	with	several	
processes	 extending	 transiently	 in	 all	 directions,	 and	 they	 remain	 in	 this	 state	
Figure	 1.2	 (cont’d):	 intermediate	 zone	 (IZ)	 where	 they	 adopt	 a	multipolar	morphology.	 Here	
they	 emit	 a	nascent	axon,	 and	 retract	 the	 remaining	neurites	with	 the	 exception	 of	 the	neurite	
oriented	 most	 basally,	 which	 becomes	 the	 leading	 process.	 These	 neuronal	 precursors	 then	
migrate	 along	 basal	 radial	 glia	 fibers	 to	 their	 final	 destinations	 within	 the	 cortical	 plate	 (CP),	
which	develops	 into	the	neocortex.	(A):	During	 INM	 there	are	two	separate	pathways	by	which	
dynein	 is	 recruited	 to	 the	nuclear	envelope.	The	 first	 involves	 the	nucleoporin	RanBP2	binding	
the	dynein	adaptor	BicD2	(A’),	while	 the	 second	involves	Nup133	recruiting	CENP-F	 to	bring	 in	
Nde1,	which	binds	dynein	(A’’).	Lis1	is	present	in	both	pathways.	(B):	During	bipolar	migration	of	




anywhere	 from	 24-48hrs	 (Tabata	 and	 Nakajima,	 2003).	 One	 of	 the	 processes	
outgrows	the	others	and	becomes	the	nascent	axon,	which	then	typically	extends	in	
the	medial	 or	 apical	 direction	 and	 grows	 along	 the	 axon	 tracts	 established	by	 the	
earlier	arriving	neurons	(de	Anda	et	al.,	2010;	Polleux	and	Snider,	2010).	A	second	
polarization	 event	 follows	 as	 another	 process	 thickens	 to	 become	 the	 leading	
migratory	process	(Tsai	et	al.,	2005),	and	the	remaining	transient	processes	retract.	
All	together	these	changes	are	referred	to	as	the	multipolar-to-bipolar	transition.	
The	 migratory	 process	 attaches	 to	 the	 basal	 fibers	 of	 the	 RGPs	 and	 helps	
guide	the	neuronal	precursors	as	they	migrate	radially	through	the	IZ	and	into	the	
developing	 cortical	 plate	 (CP),	 which	will	 become	 the	 neocortex	 during	 postnatal	
development	(Figure	1.2)	(Rakic,	1972;	Vallee	et	al.,	2009).	As	the	CP	expands,	the	
six	 neuronal	 layers	 are	 established	 in	 an	 inside-out	 manner,	 with	 earlier	 born	
neuronal	 precursors	 populating	 the	 deeper	 layers	 and	 later	 born	 precursors	
contributing	 to	 the	 more	 superficial	 layers	 (Noctor	 et	 al.,	 2004).	 	 	 Whole	 cell	
migration	is	sometimes	referred	to	as	“locomotion,”	to	contrast	with	another	form	of	
behavior	 –	 translocation	 –	 in	 which	 the	 migratory	 process	 attaches	 to	 the	 pial	
surface	 of	 the	 brain,	 and	 then	 shortens	 to	 bring	 the	 nucleus	 closer	 to	 this	 region	
(Marín	et	al.,	2010).		
As	 a	 consequence	 of	 radial	 migration,	 neurons	 generated	 from	 individual	
RGPs	are	arranged	in	columnar	radial	units,	which	preferentially	form	microcircuits	
with	each	other	(Gao	et	al.,	2014;	He	et	al.,	2015;	Rakic,	1988).	Additionally,	twenty	
percent	of	neurons	 in	 the	neocortex	are	 inhibitory	 interneurons,	which	arise	 from	
RGPs	 located	on	 the	 ventral	 surface	 of	 the	 rostral	 lateral	 ventricle	 (Harwell	 et	 al.,	
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2015;	Mayer	et	al.,	2015).	These	interneuron	precursors	must	migrate	tangentially	
as	 they	 make	 their	 way	 to	 the	 neocortex	 (Polleux	 et	 al.,	 2002),	 where	 they	 then	
incorporate	into	the	circuitry	and	provide	important	modulatory	signals.	
Neocortical	 development	 in	 higher-order	 mammals,	 such	 as	 primates	 and	
humans,	 differs	 from	 that	 of	 rodents	 most	 noticeably	 in	 the	 complexity	 of	 the	
proliferative	regions	(LaMonica	et	al.,	2012;	Lewitus	et	al.,	2013).	The	primate	SVZ,	
which	in	rodents	contains	the	transit	amplifying	intermediate	progenitors,	is	greatly	
expanded	and	separated	 into	 the	 inner	and	outer	SVZ	 (Figure	1.1).	The	outer	SVZ	
was	recently	found	to	contain	a	novel	and	distinct	progenitor	cell	population	known	
as	basal	radial	glia	(also	termed	outer	radial	glia	[oRGs])	(Fietz	et	al.,	2010;	Hansen	
et	 al.,	 2010).	 oRGs	 are	 derived	 from	 the	 horizontal	 division	 of	 RGPs	 in	 the	 VZ	
(LaMonica	 et	 al.,	 2013a)	 and	 retain	 the	 capacity	 to	 divide	 symmetrically	 or	
asymmetrically,	 and	 to	 create	 different	 fates	 (LaMonica	 et	 al.,	 2013b).	 The	 oRGs	
have	a	unique	morphology,	with	a	basal	process	connecting	to	the	pial	surface,	but	




The	 extent	 to	which	 oRGs	 retain	 the	 unusual	 subcellular	 behavior	 of	 RGPs	
















uniform	microtubule	 network,	with	microtubule	minus	 ends	 located	 at	 the	 apical	
pole	 of	 the	 RGPs,	 and	 93%	 of	 plus	 ends	 extending	 up	 towards	 the	 basal	 process	
(Tsai	 et	 al.,	 2010).	The	nucleus	 is	 able	 to	utilize	 this	arrangement	of	microtubules	
and	 to	 recruit	 microtubule	 motors	 at	 different	 stages	 of	 the	 cell	 cycle	 to	 drive	
nuclear	migration	in	the	basal	and	apical	directions.	During	G1	the	unconventional	
kinesin-3	 KIF1A	was	 found	 to	 be	 responsible	 for	 basal	 movement	 of	 the	 nucleus	





recruits	 the	dynein	 adaptor	BicD2	 to	 the	nuclear	 envelope,	which	 in	 turn	 recruits	
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Lis1	 and	 dynein,	 and	 likely	 dynactin	 as	well	 (Baffet	 et	 al.,	 2015;	 Hu	 et	 al.,	 2013).	
Early	G2	dynein	recruitment	is	responsible	for	the	initial	stage	of	apical	INM,	but	as	
the	 nucleus	 approaches	 the	 ventricle,	 it	 is	 thought	 that	 the	 biophysical	 forces	
needed	 to	 overcome	 the	 increased	 crowding	 are	 greater	 (Miyata	 et	 al.,	 2014).	
Therefore	more	dynein	is	required	at	the	nuclear	envelope	to	complete	apical	INM.	
For	this	purpose	a	second	pathway	of	dynein	recruitment	becomes	active,	in	which	




the	 nuclear	 envelope	 to	 allow	 the	RGP	 nucleus	 to	 complete	 apical	 INM,	 reach	 the	
ventricular	surface,	and	enter	mitosis	(Figure	1.2A)	(Hu	et	al.,	2013).	
	 These	 two	 pathways	 for	 dynein	 recruitment	 also	 function	 in	 cultured	 non-




INM,	 and	 apical	 INM	 is,	 in	 turn,	 critical	 for	 entry	 into	 mitosis	 at	 the	 ventricular	
surface.	This	conclusion	is	supported	by	in	utero	electroporation	of	shRNAs	directed	
against	several	of	the	dynein	recruitment	factors	(Hu	et	al.,	2013;	Tsai	et	al.,	2005).	
When	 there	 is	 insufficient	 dynein	 at	 the	 nuclear	 envelope,	 the	 RGP	 nuclei	 are	
blocked	 from	 reaching	 the	 ventricular	 surface,	 leading	 to	 a	 great	 reduction	 in	 the	
mitotic	 index	and	proliferative	capacity	of	 the	progenitor	pool	 (Baffet	et	al.,	2015;	
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Hu	 et	 al.,	 2013;	 Tsai	 et	 al.,	 2005;	 2010).	 When	 the	 late	 pathway	 of	 dynein	
recruitment	 to	 the	 nuclear	 envelope	 is	 interfered	 with	 –	 such	 as	 knockdown	 of	




increase	 in	 CyclinB	 levels	 during	 G2	 results	 in	 gradual	 activation	 of	 cyclin-
dependent	kinase-1	(Cdk1)	(Baffet	et	al.,	2015).	We	found	the	early	G2	pathway	of	
dynein	recruitment	 to	be	activated	by	Cdk1	phosphorylation	of	RanBP2	at	4	sites,	
which	 promotes	 binding	 of	 BicD2	 and	 the	 additional	 components	 of	 the	 dynein	
complex	(Baffet	et	al.,	2015).			This	mechanism	is	conserved	in	RGPs	and	HeLa	cells	
(Baffet	et	al.,	2015).	Pharmacological	inhibition	of	Cdk1	in	HeLa	cells	blocks	CENP-F	
from	ever	 leaving	 the	nucleus,	suggesting	a	role	 for	Cdk1	 in	regulating	 the	 late-G2	
pathway	 of	 dynein	 recruitment	 (Baffet	 et	 al.,	 2015).	 In	 addition	 to	 functioning	
during	 apical	 INM,	 Lis1	 has	 also	 been	 shown	 to	 contribute	 to	 prophase	 nuclear	
envelope	invagination	in	RGPs	(Hebbar	et	al.,	2008).	Finally	multiple	of	these	dynein	





basal	 and	 apical	 INM	 have	 been	 found	 to	 rely	 heavily	 on	myosin	 II	 (Meyer	 et	 al.,	
2011;	 Norden	 et	 al.,	 2009;	 Strzyz	 et	 al.,	 2015).	Myosin	 II	 inhibition	was	 found	 to	
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interfere	 with	 the	 basal	 INM	 in	 analysis	 of	 cell	 cohorts	 in	mouse,	 at	 least	 during	
earlier	 neocortical	 development	 (Schenk	 et	 al.,	 2009).	 Using	 live	 imagine,	 our	 lab	
found	no	effect	of	myosin	II	in	INM	using	blebbistatin	and	myosin	IIb	RNAi.	Whether	
the	observed	differences	in	motor	protein	use	are	tissue,	species,	or	developmental	
stage	 dependent	 is	 unknown	 (Tsai	 et	 al.,	 2010).	 	We	 do	 note	 a	 role	 for	 dynactin	









et	 al.,	 2011),	 and	 N-cadherin	 exocytosis	 (Jossin	 and	 Cooper,	 2011;	 La	 Fata	 et	 al.,	
2014).	Major	cytoskeletal	changes	must	occur,	 including	the	retraction	of	auxiliary	
neurites	and	 the	 formation	of	an	enlarged	process	on	 the	pial-directed	side	of	 the	
multipolar	cell,	which	becomes	the	leading	process	(Tsai	et	al.,	2007).	Knockdown	of	
dynein	 or	 a	 variety	 of	 its	 accessory	 proteins,	 including	 Lis1,	 CENP-F,	 and	 BicD2,	
impairs	 the	 multipolar-to-bipolar	 transition	 (Hu	 et	 al.,	 2013).	 The	 underlying	
mechanism	for	these	effects	is	unclear,	though	they	suggest	a	role	for	dynein	in	the	







2013).	 Neuronal	 precursors	 can	 progress	 through	 the	 multipolar-to-bipolar	
transition	even	if	axonogenesis	is	blocked	(Barnes	et	al.,	2007),	though	the	majority	




bipolar	 transition	 in	 neuronal	 precursors.	 Dynein,	 dynactin,	 and	 Lis1	 all	 advance	





allowing	 microtubules	 to	 enter	 into	 the	 growth	 cone	 (Grabham	 et	 al.,	 2007).	
Additionally	dynein	and	its	regulatory	proteins	are	thought	to	facilitate	microtubule	
sliding	to	promote	axon	outgrowth,	by	anchoring	to	stabilized	F-actin	in	the	cortex	
(Baas	 et	 al.,	 2006;	 Grabham	 et	 al.,	 2007;	 Prokop,	 2013).	 Dynein-	 and	 kinesin-
dependent	vesicular	transport	are	also	critical	components	of	axonal	outgrowth	and	
maintenance	 (Twelvetrees	 et	 al.,	 2016),	 though	 these	 roles	 for	 dynein	will	 not	 be	
explored	at	length	in	this	introduction.	
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	 Following	 nascent	 axon	 specification	 and	 outgrowth,	 the	multipolar	 cell	 in	
the	 lower	 IZ	 must	 assume	 a	 bipolar	 morphology	 and	 migrate	 towards	 its	 final	







critical	 for	 the	 attachment	 of	 neuronal	 precursors	 to	 the	 radial	 glia	 (Elias	 et	 al.,	
2007),	just	as	astrotactin1	is	necessary	for	cerebellar	granular	cells	to	migrate	along	
Bergman	glial	fibers	in	the	cerebellum	(Zheng	et	al.,	1996).		
During	 bipolar	 migration	 dynein	 is	 required	 at	 multiple	 stages	 of	 the	
saltatory	migration	 cycle	 (Figure	 1.2B).	 First,	 a	 swelling	 forms	within	 the	 leading	
process	 distal	 to	 the	 nucleus	 and	 centrosome,	 which	 serves	 as	 the	 microtubule-
organizing	center	in	bipolar	migrating	cells.	Dynein	is	enriched	in	the	swelling	prior	
to	movement	 of	 the	 centrosome	or	nucleus	 (Solecki	 et	 al.,	 2004;	 2009;	Tsai	 et	 al.,	
2007).	 The	 centrosome	 advances	 into	 the	 swelling,	 likely	 a	 consequence	 of	 the	
anchored	 dynein	 in	 the	 swelling	 pulling	 on	 the	microtubule	 network	 to	 draw	 the	
centrosome	 closer	 (Tsai	 et	 al.,	 2007).	 The	 microtubule	 array	 advances	 with	 the	
centrosome,	 leaving	 the	nucleus	surrounded	by	on	ordered	array	of	microtubules.	
The	nucleus	then	advances	by	microtubule	minus	end-directed	transport	toward	the	
centrosome.	 This	 behavior	 suggests	 that	 dynein	 must	 also	 be	 localized	 to	 the	
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nuclear	 envelope.	 Although	nuclear	 envelope	 dynein	 has	 not	 been	 visualized	 as	 it	
has	 during	 INM	 (Hu	 et	 al.,	 2013),	 dynein	 localization	 within	 the	 entire	 cell	 body	









Similar	 to	 RGPs,	 migrating	 bipolar	 cells	 could	 in	 principle	 employ	 nuclear	
envelope	 anchored	 dynein	 to	 accomplish	 nucleokinesis.	 In	 fact,	 the	 SUN	 domain	
proteins	SUN1	and	SUN2,	which	 span	 the	 inner	nuclear	membrane,	 and	 the	KASH	
domain	proteins	Nesprin1	and	Nesprin2,	which	span	the	outer	nuclear	membrane,	
play	 roles	 in	 tethering	 dynein	 to	 the	 nuclear	 envelope	 during	 neuronal	migration	
(Zhang	et	al.,	2009).	SUN1/2	and	Nesprin2	are	all	required	for	bipolar	migration	in	
the	neocortex,	with	Nesprin1	not	essential	 for	neuronal	migration	but	 functionally	
complementary	 to	Nesprin2.	Colocalization	and	 immunoprecipitation	 studies	have	






in	migrating	 bipolar	 neuronal	 precursors	 in	 several	 studies	 	 (Solecki	 et	 al.,	 2009;	
Tsai	 et	 al.,	 2007;	 Zhang	 et	 al.,	 2009).	 The	 myosin	 inhibitor	 blebbistatin	 impeded	
nucleokinesis,	 though	 centrosome	 movement	 into	 the	 leading	 process	 was	
unaffected	 (Tsai	 et	 al.,	 2007).	 The	 same	 effect	 was	 observed	 following	 in	 utero	
electroporation	of	myosin	 IIb	 shRNA	(Tsai	et	al.,	2007).	Thus,	 the	dynein	complex	
plays	a	critical	role	in	centrosomal	advance	into	the	leading	process	and	subsequent	
nucleokinesis,	 with	 myosin	 II	 assisting	 during	 nucleokinesis.	 Once	 the	 migrating	
neuronal	 precursors	 reach	 their	 final	 destination	 in	 the	 correct	 layer	 of	 the	
neocortex,	 the	 leading	 process	 develops	 many	 elaborate	 protrusions	 and	 the	
process	of	dendrite	formation	begins	(Hand	et	al.,	2005).	
1.4	 –	 Overview	 of	 Malformations	 of	 Cortical	 Development	 Associated	 with	
Dynein	Mutations:	











dynein	 heavy	 chain,	 that	 are	 associated	with	 lissencephaly	 (smooth	 brain	 lacking	
gyrations)	 (Reiner	 et	 al.,	 1993;	 Reiner	 and	 Sapir,	 2013),	 polymicrogyria	 (many	




associated	 with	 neurological	 disorders	 such	 as	 Charcot-Marie	 Tooth,	 Spinal	
Muscular	Atrophy,	and	Amyotrophic	Lateral	Sclerosis	(Harms	et	al.,	2012;	Lipka	et	
al.,	2013;	Munch	et	al.,	2004;	Oates	et	al.,	2013),	 these	diseases	are	predominantly	
peripheral	 neuropathies	 and	 likely	 involve	 roles	 for	 dynein	 in	 axonal	 transport	
(Hafezparast	et	al.,	2003)	and	perhaps	other	neuronal	functions.	
1.5	–	Lissencephaly	Associated	with	LIS1	Mutations	
	 One	 of	 the	 first	 pieces	 of	 evidence	 that	 cytoplasmic	 dynein	 might	 be	
important	during	neocortical	development	 came	 from	patients	with	 lissencephaly,	
an	MCD	characterized	by	a	smooth	brain	lacking	gyri	and	sulci	(Reiner	et	al.,	1993).			
The	 causative	 gene,	 LIS1,	 was	 identified	 (Reiner	 et	 al.,	 1993),	 and	 then	 shortly	
thereafter	 found	 to	 be	 homologous	 to	Aspergillus	NudF,	 in	 the	 cytoplasmic	 dynein	
pathway	 (Xiang	 et	 al.,	 1995).	 The	 severity	 of	 lissencephaly	 varies	 depending	 on	
which	gene	mutation	a	patient	carries,	and	there	can	be	variable	penetrance	among	
patients	with	 the	 same	 genetic	 alterations	 (Guerrini	 et	 al.,	 2008;	Haverfield	 et	 al.,	
2009).	 Clinical	 symptoms	 are	 often	 severe	 and	 include	 intellectual	 disability,	
epilepsy,	and	failure	to	thrive.	On	pathological	examination	the	lissencephalic	cortex	
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has	 an	 oversimplified	 pattern	 of	 gyri	 and	 sulci	macroscopically,	 and	 a	 novel	 four-
layered	 cortex	 microscopically	 (very	 severe	 forms	 of	 lissencephaly	 only	 have	 2	
layers)	(Reiner	and	Sapir,	2013).	Mutations	in	doublecortin	(DCX;	which	is	involved	
in	the	regulation	of	kinesin	KIF1A	(Carabalona	et	al.,	2016;	Liu	et	al.,	2012)),	tubulin	




a	 subunit	 of	 platelet	 activating	 factor	 acetylhydrolase	 (Hattori	 et	 al.,	 1994))	 can	
range	from	heterozygous	deletions	of	LIS1	and	its	adjacent	gene	YWHAE,	resulting	in	
the	 Miller-Dieker	 form	 of	 lissencephaly,	 or	 intragenic	 deletions,	 duplications,	
substitutions,	 or	 insertions	 within	 LIS1,	 resulting	 in	 Isolated	 Lissencephaly	
Sequence.	 Rare	 instances	 of	 LIS1	mutations	 are	 associated	 with	 subcortical	 band	
heterotopia,	a	normal	six-layered	neocortex	with	axons	below	with	an	ectopic	band	
of	neurons	closer	to	the	ventricle,	and	thought	of	as	a	MCD	on	the	same	pathological	
spectrum	 as	 lissencephaly	 but	 with	 less	 severe	 pathological	 impairments	
(Haverfield	et	al.,	2009;	Pilz	et	al.,	1998;	Reiner	et	al.,	1993;	Reiner	and	Sapir,	2013).	
Given	the	critical	role	of	Lis1	during	neocortical	development	it	becomes	apparent	
how	 mutations	 in	 LIS1	 could	 contribute	 to	 lissencephaly	 (Bi	 et	 al.,	 2009;	
Hippenmeyer	 et	 al.,	 2010;	 Tsai	 et	 al.,	 2005;	 2007;	 2010).	 The	 organization	 of	 the	
four-layered	lissencephalic	neocortex	suggests	that	the	position	of	the	Cajal-Retzius	
cells	 is	preserved	in	 layer	1,	but	the	other	five	 layers	are	essentially	 inverted	from	
the	 normal	 neocortical	 organization	 and	 organized	 into	 three	 distinct	 layers,	 and	
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located	 in	 a	 region	 normally	 occupied	 only	 by	 axonal	 tracts	 (Reiner	 and	 Sapir,	
2013).	This	suggests	that	postmitotic	neurons	in	LIS1-deficient	patients	migrate	into	
the	IZ,	but	cannot	successfully	complete	bipolar	neuronal	migration	to	reach	the	CP,	
and	 they	 build	 up	 in	 successive	 layers	 opposite	 to	 the	 normal	 inside-out	
organization	of	the	neocortex	(Saito	et	al.,	2011).	Patients	with	LIS1	mutations	often	
exhibit	agenesis	of	the	corpus	callosum	as	well.	Although	this	is	a	gross	defect	that	
can	 result	 from	 many	 causes,	 it	 may	 reflect	 the	 role	 for	 LIS1	 in	 proper	 axon	
elongation	and	guidance	during	corticogenesis	(Guerrini	et	al.,	2008).	Mouse	models	
have	 provided	 evidence	 that	 neocortical	 development	 is	 highly	 sensitive	 to	 Lis1	
dosage	(Bi	et	al.,	2009;	Youn	et	al.,	2009),	which	may	explain	why	the	effects	of	LIS1	
mutations	 are	 not	 more	 severe,	 such	 as	 resulting	 in	 blocked	 INM	 leading	 to	
microcephaly.	We	 also	 suspect	 that	 this	 is	 due	 to	 the	 heterozygous	 nature	 of	 the	
human	mutations,	with	residual	amounts	of	LIS1	being	sufficient	 for	neurogenesis	
but	impeding	neuronal	migration	and	cortical	lamination.	










the	 mutations	 in	DYNC1H1	 were	 the	 first	 recorded	 cases	 of	 polymicrogyria	 with	
pachygyria,	which	refers	to	 fewer	gyri	overall	(Poirier	et	al.,	2013).	These	patients	
can	 also	 have	 agenesis	 of	 the	 corpus	 callosum	 and	 basal	 ganglia	 malformations	
(Poirier	 et	 al.,	 2013).	 The	 dynein	mutations	 are	 in	 all	 cases	 heterozygous	de	novo	
missense	 mutations	 (and	 one	 known	 deletion	 of	 4	 amino	 acids),	 the	 majority	 of	
which	 occur	 in	 the	 stalk,	 linker,	 or	 microtubule-binding	 domains	 of	 the	 protein	
(Figure	1.3A,C).		
The	 patients	 with	 DYNC1H1	 mutations	 typically	 present	 with	 intellectual	
disability	or	attention	deficit	hyperactivity	disorder	(ADHD)	(Scoto	et	al.,	2015),	and	
a	subset	of	the	patients	also	present	with	epilepsy	(Willemsen	et	al.,	2012).	Unlike	
LIS1	 mutations	 which	 predominantly	 affect	 the	 posterior	 neocortex,	 DYNC1H1	
mutations	 tend	 to	 affect	 the	 anterior	neocortex	 (Guerrini	 et	 al.,	 2008;	 Scoto	 et	 al.,	
2015).	 Because	 dynein	 is	 required	 for	 the	 proliferation	 of	 RGPs	 in	 the	 VZ,	 the	
formation	 and	 extension	 of	 the	 axon,	 and	 the	 postmitotic	 migration	 of	 neuronal	
precursors	(Hu	et	al.,	2013;	Ori-McKenney	and	Vallee,	2011;	Tsai	et	al.,	2007),	 it	 is	
readily	 apparent	 how	 dynein	 heavy	 chain	 mutations	 might	 affect	 brain	
development.		
DYNC1H1	 mutations	 have	 classically	 been	 associated	 with	 peripheral	










Figure	 1.3:	 Human	 Mutations	 in	 DYNC1H1	 and	 NDE1	 Associated	 with	 Malformations	 in	
Cortical	Development:	Over	the	past	few	years	there	has	been	a	large	increase	in	the	number	of	
human	 mutations	 associated	 with	 malformations	 of	 cortical	 development	 identified	 in	 the	











defects	 coupled	 with	 neurodegeneration	 (Ori-McKenney	 et	 al.,	 2010),	 and	 Loa	
homozygous	 recessive	 mice	 have	 profound	 impairments	 in	 bipolar	 neuronal	
migration	and	axonal	extension	(Ori-McKenney	and	Vallee,	2011).		
Symptomatically,	 patients	 with	 DYNC1H1	 mutations	 leading	 to	 MCDs	 and	






to	cause	MCDs	when	mutated	 in	 the	germline	(Jamuar	et	al.,	2014),	with	LIS1	 and	
DYNC1H1	 mutations	 among	 those	 found.	 Thus	 over	 the	 past	 few	 years	 there	 has	
been	 an	 increasingly	 apparent	 role	 of	 DYNC1H1	 mutations	 in	 causing	 MCDs,	
particularly	those	with	atypical	neuroradiology	(Scoto	et	al.,	2015).		
Mutations	 in	 DYNC1H1	 and	 the	 genes	 encoding	 other	 regulatory	 proteins,	
such	as	BicD2	and	dynactin,	should	remain	high	on	a	clinical	index	of	suspicion	for	
undiagnosed	 cases	 of	 MCDs,	 especially	 in	 patients	 with	 peripheral	 neuropathies	
linked	to	BICD2	and	p150	mutations	(Munch	et	al.,	2004;	Neveling	et	al.,	2013;	Oates	
of	 the	 original	 studies	 that	 uncovered	 the	mutation.	 Blue	 text	 indicates	 that	 the	mutation	 was	
found	 by	 deep	 sequencing	 to	 be	 somatic	 mosaicism.	 (B)	 Mutations	 in	 NDE1	 associated	 with	
microcephaly.	 Nomenclature	 is	 that	 given	 to	 the	 mutations	 in	 the	 original	 studies.	 Scale	 of	
diagram	 is	 proportional	 to	 protein	 size.	 Not	 included	 is	 a	 schematic	 of	 Lis1	 and	 the	 known	
associated	 human	mutations,	 in	 part	 because	 of	 the	 large	 volume	 of	 documented	mutations	 in	










While	 the	above	sections	clearly	 implicate	how	mutations	 in	dynein	and	 its	
regulatory	proteins	could	lead	to	MCDs,	the	vast	majority	of	MCDs	of	genetic	origin	
result	from	mutations	in	genes	outside	of	the	dynein	complex	(Parrini	et	al.,	2016).	
The	 focus	 of	 this	 section	 will	 be	 on	 microcephaly	 and	 the	 validated	 genetic	
mutations	associated	with	this	MCD.	Microcephaly	is	a	neuroanatomical	diagnosis	of	
a	head	circumference	equal	or	greater	than	2	standard	deviations	below	the	mean	
(Abuelo,	 2007).	 Since	 this	 would	 encompass	 roughly	 3%	 of	 the	 population,	
distinctions	are	often	made	between	the	severity	of	microcephaly,	with	2-3	standard	
deviations	 below	 the	 mean	 classified	 as	 borderline	 microcephaly,	 since	 it	
encompasses	many	 individuals	with	 normal	 intelligence	who	 simply	 have	 a	 small	
head	circumference	(Thornton	and	Woods,	2009;	Woods,	2004).	Of	individuals	with	
microcephaly	 greater	 than	3	 standard	deviations	 below	 the	mean,	 a	 retrospective	
epidemiological	 study	 of	German	hospitals	 found	41%	were	 of	 unknown	 etiology,	
29%	were	 genetic	 in	 origin,	 and	27%	were	due	 to	 an	 environmental	 insult	 to	 the	
developing	 fetus,	 including	 toxin	 and	 infectious	 agent	 exposures	 (Hagen	 et	 al.,	
2014).	 The	 distinction	 is	 also	 made	 between	 primary	 microcephaly,	 which	 is	




Many	 genes	 have	 been	 linked	 to	microcephaly,	 and	 nearly	 all	 of	 them	 are	
required	 for	 proper	 cell-cycle	 and	 mitotic	 progression	 of	 RGPs	 (Barkovich	 et	 al.,	
2012;	 Parrini	 et	 al.,	 2016).	 The	 cell	 cycle	 involvement	 of	 many	 of	 these	 genes	 is	
summarized	 in	 Figure	 1.4.	 Many	 of	 the	 gene	 products,	 including	 those	 of	 ASPM,	
WDR62,	 CENPJ,	 CDK5RAP2,	 and	 PCNT,	 are	 localized	 to	 the	 centrosomes	 and/or	
mitotic	spindle	poles	during	mitoses	(Bond	et	al.,	2002;	2005;	Désir	et	al.,	2008;	Fish	
et	 al.,	 2006;	 Griffith	 et	 al.,	 2008;	 Nicholas	 et	 al.,	 2010).	 Abnormal	 spindle-like	
microcephaly	protein	(ASPM,	the	product	of	the	ASPM	gene),	is	the	most	commonly	
mutated	 gene	 underlying	 autosomal	 recessive	 primary	 microcephaly	 cases.	 A	
thorough	analysis	of	the	role	of	Aspm	in	mouse	models	has	implicated	the	protein	in	
mitotic	 spindle	 alignment,	with	 defects	 in	 Aspm	 leading	 to	 an	 increase	 in	 oblique	
cleavage	 planes	 (Fish	 et	 al.,	 2006).	 As	 discussed	 above,	 an	 increase	 in	 oblique	
cleavage	planes	will	favor	neurogenic	divisions	and	presumably	lead	to	a	depletion	
of	the	RGP	stem	cell	pool	before	adequate	divisions	have	occurred.	This	increase	in	
oblique	 cleavage	 and	 premature	 depletion	 of	 the	 RGP	 pool	 was	 seen	 after	 Aspm	
knockdown	(Fish	et	al.,	2006).	This	premature	depletion	of	the	RGP	stem	cell	pool	is	
thought	 to	 lead	 to	 an	 overall	 reduction	 in	 brain	 volume,	 which	 is	 one	 of	 the	
prevailing	notions	for	how	mutations	in	proteins	associated	with	the	mitotic	spindle	
pole	 may	 lead	 to	 microcephaly.	 Recent	 work	 has	 also	 found	 that	 Aspm	 interacts	
directly	with	Wdr62	 to	 localize	 other	microcephaly-associated	 proteins,	 including	









Reference	G1	 DNA	Repair	 G2	 Mitosis	
ASPM	 -	 	 	 	 X	 Fish	et	al.,	2006	
WDR62	 PMG	 	 	 	 X	 Nicholas	et	al.,	2010	
CENPJ	 -	 	 	 	 X	 Bond	et	al.,	2005	
CDK5RAP2	 PNH	 	 	 	 X	 Bond	et	al.,	2005	
MCPH1	 PNH	 	 X	 x	 X	 Pulvers	et	al.,	2015	
PCNT	 -	 	 X	 x	 	 Griffith	et	al.,	2008	
ATR	 -	 	 X	 x	 	 Griffith	et	al.,	2008	
CEP152	 -	 	 X	 	 	 Kalay	et	al.,	2011	
STIL	 SGP	 	 	 	 X	 Castiel	et	al.,	2011	
PNKP	 Pachy	 	 X	 	 	 Shen	et	al.,	2010	
ORC1	 -	 	 X	 	 	 Bicknell	et	al.,	2011	
ORC6	 -	 	 X	 	 	 Bicknell	et	al.,	2011	
CDT1	 -	 	 X	 	 	 Bicknell	et	al.,	2011	
CDC6	 -	 	 X	 	 	 Bicknell	et	al.,	2011	
NCAPD2	 -	 	 	 	 X	 Martin	et	al.,	2016	
NCAPH	 -	 	 	 	 X	 Martin	et	al.,	2016	
NCAPD3	 -	 	 	 	 X	 Martin	et	al.,	2016	
TUBG	 Pachy	 -	 -	 -	 -	 Poirier	et	al.,	2013	
TUBA1A	 PMG	 -	 -	 -	 -	 Parrini	et	al.,	2016	
TUBA8	 PMG	 -	 -	 -	 -	 Parrini	et	al.,	2016	
TUBB3	 PMG	 -	 -	 -	 -	 Parrini	et	al.,	2016	





repair,	 including	MCPH1,	 ATR,	 PCNT,	 CEP152,	 STIL,	 PNKP,	 ORC1,	 ORC6,	 CDT1,	 and	
CDC6	have	been	 linked	to	primary	microcephaly	(Alderton	et	al.,	2006;	Bicknell	et	
al.,	2011;	Castiel	 et	 al.,	2011;	Griffith	et	al.,	2008;	Kalay	et	al.,	2011;	Pulvers	et	al.,	
2015;	Shen	et	al.,	2010).	Many	of	 the	 individuals	with	mutation	 in	these	genes	are	
Figure	 1.4:	 The	 Cell	 Cycle	 Phase	 Requirements	 for	 Various	 Microcephaly	 Genes:	 A	 list	 of	
primary	microcephaly	 genes	 and	 the	 cell	 cycle	 stage	 that	 they	 are	 required	 for.	 Uppercase	 ‘X’	 is	
major	 involvement,	 lowercase	 ‘x’	 is	minor	 involvement.	Abbreviations	 for	 other	malformations	of	




diagnosed	 with	 the	 Seckel-syndrome,	 which	 includes	 intrauterine	 growth	
retardation	 and	 craniofacial	 abnormalities	 with	 prominent	 primary	 microcephaly	
(Griffith	 et	 al.,	 2008;	 Kalay	 et	 al.,	 2011).	 The	 protein	 products	 of	 these	 genes,	
including	 ATR,	 MCPH1,	 and	 PCNT	 all	 interact	 with	 the	 Chk1	 pathway,	 which	 is	
responsible	for	assessing	DNA	damage	and	preventing	mitotic	entry	(Alderton	et	al.,	
2006;	 Griffith	 et	 al.,	 2008).	 ATR,	 for	 example,	 is	 responsible	 for	 phosphorylating	
Chk1	 in	 response	 to	 UV	 induced	 DNA	 damage,	 and	 phosphorylated	 Chk1	 then	
inhibits	 Cdc25,	 which	 prevents	 CyclinB/Cdk1	 activation	 (Griffith	 et	 al.,	 2008).	










tubulins	 during	 neocortical	 development	 (Chakraborti	 et	 al.,	 2016),	 the	 resulting	
microcephaly	 cases	 could	 result	 from	 impairments	 in	 a	 variety	 of	 stages	 of	









	 Though	 DYNC1H1	 mutations	 are	 associated	 with	 microcephaly,	 another	
dynein	regulatory	protein	has	recently	been	found	to	be	associated	with	some	of	the	




al.,	 2013),	 or	 hydranencephaly	 (gross	 underdevelopment	 of	 the	 neocortex	
accompanied	 by	 prominent	 expansion	 of	 the	 ventricles)	 (Guven	 et	 al.,	 2012).	 The	
lissencephaly	in	these	patients	can	be	so	severe	that	only	the	Sylvian	fissure	–	one	of	
the	 most	 prominent	 and	 conserved	 neuroanatomical	 structures	 –	 remains.	 The	
mutations	 in	 NDE1	 involve	 premature	 terminations	 (Alkuraya	 et	 al.,	 2011;	
Bakircioglu	et	al.,	2011),	or	deletions	of	entire	chromosomal	regions	containing	the	
NDE1-locus	 (Paciorkowski	 et	 al.,	 2013).	 All	 patients	 have	 homozygous	 recessive	
mutations	(Figure	1.3B,D).		
NDE1-associated	 microcephaly	 patients	 all	 exhibit	 extreme	 microcephaly,	




of	 the	 ventricular	 space,	 is	 also	 seen	 in	 all	 patients	 with	NDE1	 mutations.	 Some	
patients	 with	 NDE1-mediated	 microcephaly	 experience	 seizures,	 whereas	 others	
have	such	drastic	underdevelopment	of	neuroanatomical	structures	that	no	epilepsy	
occurs	 (Alkuraya	 et	 al.,	 2011;	 Bakircioglu	 et	 al.,	 2011;	 Guven	 et	 al.,	 2012;	
Paciorkowski	et	al.,	2013).	All	patients	have	severe	cognitive	impairment	and	meet	
only	 minimal	 developmental	 milestones.	 Some	 of	 the	 patients	 develop	 persistent	
hypothermia,	 which	 suggests	 brainstem	 abnormalities,	 though	 all	 other	 organs	




2013).	Within	 the	 developing	 neocortex	Nde1	expression	 is	 highest	 in	 the	VZ	 and	
SVZ,	which	helps	to	explain	why	aberrations	in	Nde1	function	impair	neurogenesis	
(Feng	 et	 al.,	 2000).	 Nde1	 knockout	 mice	 displayed	 altered	 RGP	 mitotic	 spindle	
alignment	 and	 reduced	 cortical	 thickness	 –	 similar	 to	 mouse	 models	 for	
microcephaly	genes	such	as	ASPM	and	WDR62	–	though	they	did	not	recapitulate	the	
severity	of	the	disease	seen	in	human	patients	(Feng	and	Walsh,	2004;	Houlihan	and	
Feng,	 2014).	 	 Conditional	 knockout	 of	 the	 Nde1	 paralogue	 Ndel1	 resulted	 in	
neuronal	migration	defects	with	no	 impairments	 in	RGP	proliferation	 (Youn	et	al.,	
2009).	There	have	been	no	recorded	cases	of	human	mutations	in	NDEL1	leading	to	
MCDs,	 likely	 because	 all	 NDE1	 mutations	 are	 penetrant	 only	 when	 homozygous	
recessive,	and	Ndel1	knock	out	mice	are	embryonic	 lethal	at	 the	peri-implantation	
stage,	 implying	 that	 any	 patients	 with	 NDEL1	 mutations	 may	 die	 during	 early	
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embryonic	 development	 (Sasaki	 et	 al.,	 2005).	 It	 was	 not	 until	 recently	 that	 acute	





aspects	 of	 neurogenesis	 and	 neuronal	 migration	 during	 neocortical	 development.	
Mutations	 in	 these	 genes	 lead	 to	 a	 variety	 of	 cortical	malformations	with	 clinical	
symptoms	 ranging	 from	 ADHD	 to	 crippling	 seizures	 and	 severe	 intellectual	
disability.	Considerable	progress	has	been	made	toward	understanding	the	cellular	
basis	for	these	defects,	but	many	questions	remain	regarding	basic	mechanisms,	as	
well	 as	 the	 distinct	 effects	 of	 specific	mutations	 on	 these	 processes.	 For	 example,	
mutations	in	both	DYNC1H1	and	NDE1	cause	microcephaly,	though	NDE1-associated	
microcephaly	 is	 far	 more	 severe,	 likely	 due	 to	 homozygous	 recessive	 NDE1	
mutations	 in	 patients	 compared	 to	 heterozygous	 substitution	 mutations	 in	
DYNC1H1	patients.	Similarly,	all	of	 the	patient	mutations	discussed	 lead	to	cortical	
lamination	 defects,	 reflecting	 the	 role	 of	 the	 dynein	 complex	 in	 bipolar	 radial	
migration.	
Our	 expanding	understanding	of	 how	adaptor	proteins	 regulate	 the	dynein	
motor	 complex	and	 increase	 its	ability	 to	 carry	cargo	along	microtubules,	 coupled	
with	the	knowledge	of	the	cell	biology	underlying	neocortical	development,	should	




(Reiner	 et	 al.,	 2015),	 and	 there	 becomes	 a	 greater	 appreciation	 for	 the	 role	 of	
somatic	 mutations	 in	 causing	 focal	 areas	 of	 malformed	 neocortex	 (Poduri	 et	 al.,	





















































































































































































































































































































































































































































































Autosomal-recessive	 primary	 microcephaly	 (MCPH)	 is	 a	 severe	
developmental	 condition	 characterized	 by	 small	 brain	 size	 and	 a	 substantial	
reduction	in	neuronal	number	(Barkovich	et	al.,	2012).	The	cerebral	cortex	is	most	
prominently	 affected.	 Laminar	 organization	 is	 often	 normal,	 though	microcephaly	
can	 occasionally	 be	 accompanied	 by	 lissencephaly	 or	 other	 organization	 defects	
(Alkuraya	et	al.,	2011;	Barkovich	et	al.,	2012).	A	number	of	microcephaly	genes	have	
been	 identified,	 including	 ASPM,	 microcephalin/BRIT1,	 CDK5RAP2/Cep215,	
CENPJ/CPAP,	SIL/STIL,	WDR62,	and	NDE1	(Bond	et	al.,	2002;	Nicholas	et	al.,	2010;	
Thornton	and	Woods,	2009).	Several	of	these	genes	are	associated	with	centrosome	
and/or	 mitotic	 function,	 suggesting	 that	 errors	 in	 neural	 progenitor	 cell	
proliferation	contribute	to	disease	pathology.	
NDE1	was	an	early	 candidate	gene	 for	microcephaly	as	 judged	 from	mouse	






al.,	 2010;	Niethammer	et	 al.,	 2000;	Sasaki	 et	 al.,	 2000).	The	NDE1	 null	mouse	was	
reported	to	exhibit	ectopic	mitotic	divisions	accompanied	by	altered	mitotic	spindle	




associated	microcephaly	 is	much	more	 severe	 than	 that	 involving	mitotic	 spindle	
assembly	genes,	such	as	ASPM	and	WDR62	(Bond	et	al.,	2002;	Nicholas	et	al.,	2010).	
This	observation	suggests	that	NDE1	might	be	involved	in	more	than	one	aspect	of	
neural	 progenitor	 proliferation.	 Additionally,	 patients	 with	NDE1	 mutations	 often	
exhibit	microcephaly	with	lissencephalic	features	(Alkuraya	et	al.,	2011;	Bakircioglu	
et	 al.,	 2011),	 suggesting	 potential	 roles	 for	 NDE1	 during	 subsequent	 neuronal	
migration.	
Mammalian	 neocortical	 development	 begins	 with	 the	 expansion	 of	
neuroepithelial	 cells	within	 the	 neural	 tube,	 followed	 by	 formation	 of	 the	 layered	
neocortex	(Kriegstein	and	Alvarez-Buylla,	2009;	Paridaen	and	Huttner,	2014).	The	
apical-most	 region,	 which	 is	 adjacent	 to	 lateral	 ventricle	 and	 defined	 as	 the	
ventricular	zone	(VZ),	is	populated	by	the	soma	of	radial	glia	progenitor	(RGP)	cells	
(Noctor	et	al.,	2004).	These	serve	as	stem	cells,	responsible	for	the	production	of	all	
excitatory	 cortical	neurons,	most	glial	 cells,	 and	adult	 stem	cells	 (Gao	et	 al.,	 2014;	
Kriegstein	 and	 Alvarez-Buylla,	 2009).	 RGP	 cells	 are	 highly	 elongated,	 with	 their	
apical	 and	 basal	 processes	 spanning	 the	 entire	 thickness	 of	 the	 developing	
neocortex.	 A	 hallmark	 of	 RGP	 cell	 behavior	 is	 the	 cell	 cycle-linked	 oscillatory	
movement	of	the	nucleus	of	RGP	cells,	termed	interkinetic	nuclear	migration	(INM)	
(Sauer,	1935).	RGP	mitosis	occurs	exclusively	at	the	ventricle	(Hu	et	al.,	2013).	The	
RGP	 nucleus	 then	migrates	 basally	 during	 G1,	 progresses	 through	 S-phase	 in	 the	
upper	portion	of	the	VZ,	and	then	migrates	apically	during	G2	toward	the	ventricle	
where	 the	 next	 mitotic	 division	 occurs	 (Dantas	 et	 al.,	 2016).	 Mitosis	 can	 be	
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symmetric,	 resulting	 in	 self-renewal	of	 the	neural	progenitor	pool,	 or	 asymmetric,	
leading	 to	one	neural	progenitor	and	either	a	post-mitotic	neuron	or	 intermediate	
progenitor,	each	of	which	migrate	away	from	the	ventricle.	
Our	 own	 studies	 revealed	 that	 knockdown	of	 genes	 involved	 in	 apical	 INM	
prevent	RGP	nuclei	from	reaching	the	ventricle	and	undergoing	mitosis	(Baffet	et	al.,	
2015;	Cappello	et	al.,	2011;	Carabalona	et	al.,	2016;	Hu	et	al.,	2013;	Tsai	et	al.,	2005;	
2007;	 2010).	 We	 found	 that	 apical	 migration	 is	 mediated	 by	 cytoplasmic	 dynein	
anchored	 to	 the	 nuclear	 envelope	 during	 G2,	 which	 carries	 the	 nucleus	 along	 a	
polarized	microtubule	network	emanating	 from	 the	apically	 anchored	 centrosome	
(Hu	et	al.,	2013;	Tsai	et	al.,	2010).	Dynein	is	recruited	to	the	nuclear	envelope	by	two	
G2-specific	nuclear	pore	mediated	mechanisms	in	a	Cdk1-dependant	manner	(Baffet	
et	 al.,	 2015).	The	 first	mechanism	 is	activated	during	early	G2	and	 involves	BicD2	
binding	 to	 the	 nucleoporin	 RanBP2	 (Splinter	 et	 al.,	 2010),	 whereas	 the	 second	
mechanism	 is	 activated	 during	 late	 G2	 and	 depends	 on	 CENP-F	 binding	 the	
nucleoporin	Nup133	(Baffet	et	al.,	2015;	Bolhy	et	al.,	2011).	Based	on	the	restriction	
of	nuclear-envelope	NDE1/NDEL1	signal	to	late-G2	in	HeLa	cells	(Baffet	et	al.,	2015),	
we	 envision	 that	 either	 NDE1,	 NDEL1,	 or	 both,	 might	 contribute	 to	 late	 apical	
nuclear	 migration	 in	 the	 developing	 brain,	 though	 this	 possibility	 has	 not	 been	
tested.		
Both	NDE1	and	NDEL1	mRNAs	and	protein	have	been	detected	 throughout	
the	 developing	 neocortex	 (Allen	 Developing	 Mouse	 Brain	 Atlas,	




plate	 (CP),	 where	 neuronal	migration	 takes	 place	 (Allen	 Developing	Mouse	 Brain	
Atlas,	http://developingmouse.brain-map.org/).	NDEL1	has	not	been	 implicated	 in	
microcephaly,	 but	 rather	 in	 later	 aspects	 of	 neuronal	migration	 in	 animal	models	
(Niethammer	 et	 al.,	 2000;	 Sasaki	 et	 al.,	 2000).	 These	 observations	 are	 consistent	
either	with	the	different	expression	patterns	for	NDE1	and	NDEL1	in	the	developing	
brain,	or	with	differences	in	their	function.	Some	evidence	for	NDEL1-specific	roles	
has	 been	 reported	 in	 cultured	 cells	 (Shmueli	 et	 al.,	 2009),	 but	 the	 relative	
contributions	of	the	two	genes	to	neocortical	development	remains	to	be	explored	
(Bradshaw	et	al.,	2013).		
The	 current	 study	was	 initiated	 to	determine	which	NDE1	 roles	 contribute	
most	 significantly	 to	 the	 extreme	 form	 of	 microcephaly	 seen	 in	 human	 patients.	
Additionally	 we	 investigated	 potential	 roles	 for	 NDEL1	 during	 neocortical	
development,	 and	 tested	 the	 degree	 to	which	 these	 two	 proteins	 can	 functionally	
compensate	for	one	another.		Through	use	of	RNA	interference	(RNAi)	against	each	
paralog	 we	 find	 that	 both	 NDE1	 and	 NDEL1	 contribute	 to	 postmitotic	 neuronal	
migration.	However,	NDE1	 inhibition	alone	causes	a	complete	block	of	apical	 INM,	
contributing	 to	 a	 large	 reduction	 in	 mitotic	 index	 with	 no	 evidence	 for	 ectopic	
mitoses.	 	We	also	find	a	potent	block	to	G1-to-S	transition	associated	with	primary	
cilia	 over-elongation	 upon	 the	 co-depletion	 of	 NDE1	 and	 NDEL1.	 Interestingly,	
NDEL1	 expression	 rescues	 most,	 but	 not	 all,	 of	 NDE1	 functions,	 the	 latter	 effect	
identifying	 a	 NDE1-specific	 function,	 after	 INM	 completion,	 at	 a	 novel	 premitotic	







	 To	 address	 the	 specific	 roles	 of	 NDE1	 or	 NDEL1	 during	 neocortical	
development,	we	used	in	utero	electroporation	of	embryonic	day	16	(E16)	rat	brain	
to	introduce	plasmids	expressing	GFP	alone	or	in	combination	with	NDE1	or	NDEL1	
shRNAs.	 Reduction	 of	 protein	 levels	 (Figure	 2.1A)	 and	mRNA	 levels	 (Figure	 2.1B)	
were	confirmed	in	rat	C6	glioma	cells.		Relative	to	control,	NDE1	knockdown	caused	
a	nearly	complete	 loss	of	transfected	neurons	from	reaching	the	CP,	which	instead	
accumulated	 in	 the	 lower	 intermediate	 zone	 (IZ)	 and	 subventricular	 zone	 (SVZ)	
(Figure	 2.2A-B).	 	 NDEL1	 knockdown	 also	 prevented	 cells	 from	 reaching	 the	 CP,	
though	 some	 cells	 were	 observed	 in	 the	 upper	 IZ,	 and	 there	 was	 again	 a	 large	




imaging	 of	 brain	 slice	 preparations.	 Control	RGPs	 exhibited	normal	 apical	 nuclear	
migration,	 followed	 by	 mitosis	 at	 the	 ventricular	 surface,	 and	 subsequent	 basal	
migration	 (Figure	 2.3A,	 Supplementary	 Movie	 1).	 	 In	 marked	 contrast,	 NDE1	








behavior	 is	consistent	with	a	block	 in	 late	apical	nuclear	migration	during	 INM,	as	
we	have	observed	with	knockdown	of	Nup133	or	CENP-F(Hu	et	al.,	2013).	NDEL1	
















	 Consistent	 with	 these	 results,	 fixed	 tissue	 analysis	 revealed	 that	 NDE1	
knockdown	 caused	 a	 significant	 accumulation	 of	 RGP	 soma	 at	 10-15µm	 from	 the	
ventricle	 (Figures	 2.3B-D).	 However,	 NDE1/NDEL1	 double	 knockdown	 caused	 an	
accumulation	 of	 RGP	 soma	 further	 than	 30µm	 from	 the	 ventricle	 (Figure	 2.3B-D).	
While	 there	 is	 a	 small	 but	 significant	 difference	 in	 the	 RGP	 somal	 distributions	
between	control	and	NDEL1	knockdown	(Figure	2.3C),	this	is	not	reflected	when	the	
groups	of	somal	distances	are	examined	at	prescribed	distances	(Figure	2.3D).	
Figure	 2.2:	 Effects	 of	 NDE1	 and	
NDEL1	 RNAi	 on	 neuronal	
migration	 into	 the	 cortical	 plate.	
(A)	 Representative	 images	 of	
embryonic	 day	 20	 (E20)	 rat	
neocortex	 with	 a	 control	 empty-
vector	 expressing	 GFP	 alone,	 or	
shRNAs	 to	 NDE1,	 NDEL1,	 or	 both	
genes	 along	 with	 a	 GFP	 reporter.		
Sections	 were	 stained	 for	 Tbr1	 to	
mark	 neurons	 in	 the	 cortical	 plate	
(CP).	 Scale	bar,	50µm.	Confirmation	
of	RNAi	knockdown	can	be	found	in	
Supplementary	 Figure	 1.	 (B)	
Quantification	 of	 the	 fraction	 of	
electroporated	 cells	 in	 each	
respective	 zone	 of	 the	 neocortex	
across	 NDE1,	 NDEL1,	 or	 combined	
RNAi	 conditions	 4	 days	 post-
electroporation	 at	 E16.	 	 All	
knockdown	 conditions	 nearly	
eliminated	 any	 cells	 from	 reaching	
the	 CP,	 in	 comparison	 to	 control	
neurons.	 Data	 presented	 as	mean	 ±	
SEM,	 two-way	ANOVA	with	 Tukey’s	
multiple	 comparison	 tests	 used	 to	
compare	 each	 neocortical	 region	























Our	 results,	 together,	 indicate	 that	 knockdown	 of	 either	 NDE1	 or	 NDEL1	
inhibits	 postmitotic	 neuronal	 migration.	 	 NDE1	 knockdown	 –	 but	 not	 NDEL1	
knockdown	 -	 blocks	 the	 latter	 stage	 of	 apical	 INM.	 	 Nonetheless,	 combined	NDE1	
and	NDEL1	knockdown	arrests	RGP	nuclei	much	further	away	from	the	ventricular	





NDEL1	 RNAi	 on	 cell	 cycle	 progression.	 By	 preventing	 nuclear	 migration	 to	 the	
ventricular	surface	of	the	developing	brain,	we	predicted	that	NDE1	knockdown,	but	





electroporated	 brains	 stained	 for	 the	mitotic	marker	 phosphohistone-H3	 (PH3).	 Arrowheads	mark	
soma	of	PH3+/GFP+	RGP	cells.	Dashed	line	represents	the	ventricular	surface.	(C-D)	Measurements	of	
the	 distance	 between	 the	 bottom	 of	 the	 nucleus	 and	 the	 ventricular	 surface,	 corresponding	 to	 the	
apical	 process	 length,	 across	 the	 various	 conditions.	 	 NDE1	 knockdown	 shifted	 the	 apical	 process	
length	 distribution	 towards	 shorter	 distances	 (C),	with	 a	 significant	 accumulation	 of	 RGPs	 with	 an	
apical	process	of	0-15µm	(D).	NDE1/NDEL1	double	knockdown,	however,	shifted	the	apical	process	
length	 distribution	 to	 larger	 distances	 (C),	 with	 a	 significant	 accumulation	 of	 RGPs	 with	 an	 apical	
process	of	30-45µm	(D).	Each	dot	represents	an	individual	apical	process	length	measurement	for	one	












observed	no	 examples	 of	mitotic	 divisions	 of	RGP	 cells	 away	 from	 the	 ventricular	
surface	under	any	of	the	knockdown	conditions.			
	 The	 severe	 effect	 of	 NDE1/NDEL1	 double	 knockdown	 on	 the	 distance	 of	
arrested	RGP	soma	from	the	ventricle	(Figure	2.3B-D)	led	us	to	test	whether	these	
cells	 arrest	 at	 an	 earlier	 cell	 cycle	 stage.	 Staining	 for	 the	 G1	 marker	 CyclinD1	
revealed	modest	or	undetectable	 increases,	respectively,	 in	the	number	of	positive	
RGP	 nuclei	 in	 the	 NDE1	 or	 NDEL1	 shRNA	 conditions	 (Figure	 2.4A).	 However,	
combined	NDE1/NDEL1	knockdown	doubled	the	number	of	CyclinD1-positive	cells	
(Figure	 2.4A),	 consistent	 with	 a	 potent	 G1	 accumulation.	 To	 test	 this	 possibility	





by	 CyclinD1	 data	 and	 live	 imaging	 (Figure	 2.5A-B).	 Additional	 staining	 for	 the	
proliferation	marker	Ki67	revealed	no	difference	in	the	fraction	of	positive	RGP	cells	
between	 conditions	 (Figure	 2.6A-B).	 Together,	 these	 results	 indicate	 a	 synergistic	
effect	of	NDE1/NDEL1	double	knockdown	on	preventing	G1-to-S	transition,	with	no	
evidence	of	cell	cycle	exit.	





























BrdU	used	 to	mark	S-phase	 cells,	 and	BrdU	pulses	of	 varying	 length	were	used	 to	distinguish	RGPs	
that	are	arrested	during	the	cell	cycle	from	those	actively	cycling.	The	CyclinD1	and	BrdU	indices	used	
in	 quantification	 were	 calculated	 as	 the	 amount	 of	 electroporated	 radial	 glia	 progenitors	 (RGPs)	
positive	 for	 either	 marker	 divided	 by	 the	 total	 number	 of	 electroporated	 RGP	 cells.	 (A)	 NDE1	
knockdown	 caused	 a	 small	 but	 significant	 increase	 in	 CyclinD1-positive	 RGP	 cells,	 and	 the	
NDE1/NDEL1	double	knockdown	caused	an	even	more	substantial	doubling	of	CyclinD1-positive	RGP	
cells.	There	was	no	apparent	difference	between	NDEL1	knockdown	and	control	conditions.	CylinD1-
positive	 RGP	 cells	 tended	 to	 have	 soma	 located	 further	 away	 from	 the	 ventricular	 surface.	
Arrowheads	 mark	 electroporated	 RGP	 nuclei	 positive	 for	 CyclinD1.	 (B)	 NDE1	 and	 NDE1/NDEL1	





Unpaired	 t-tests	 comparing	 knockdown	 conditions	 at	 each	 hour	 revealed	 no	 significant	 difference	
between	 control	 and	NDEL1	 knockdown,	 or	 NDE1	 and	NDE1/NDEL1	 knockdown,	 while	 those	 two	
pairings	were	significantly	different	at	every	 time	point	observed.	The	 initial	BrdU	 index	 for	 the	30	
minute	 time	point	was	 reused	from	Figure	3B.	Asterisks	mark	electroporated	RGP	cells	positive	 for	
BrdU.	Data	are	presented	as	mean	±	SEM.	Unpaired	t-tests	used	to	compare	conditions,	*	for	p<0.05,	
n=3	embryonic	brains	from	different	mothers.	Scale	bar,	10µm	in	(A),	(B),	and	(C).	See	Supplementary	




























embryonic	 brains	were	 electroporated	with	 shRNAs	 to	 the	 various	 conditions	 described	 below.	 All	
analysis	 was	 done	 at	 E19.	 (A)	 Representative	 images	 of	 RGP	 cells	 across	 the	 various	 specified	
conditions	 stained	 for	 the	 proliferation	marker	 Ki67.			 (B)	 Quantification	 of	 the	 Ki67	 index	 across	
conditions,	 defined	 as	 the	 ratio	 of	 electroporated	 RGP	 cells	 positive	 for	 Ki67	 divided	 by	 the	 total	
number	of	electroporated	RGP	cells.	No	significant	differences	were	found	between	conditions.	For	all	
panels,	 RGP	 cells	were	 identified	 on	 the	 basis	 of	morphology	 and	 the	 possession	 of	 apical	 process.	
Arrowheads	mark	double	 labeled	RGP	cells.	Scale	bar,	10µm.	2-channel	composite	is	presented	with	








E19.	(A)	Representative	 images	of	RGP	cells	 across	 the	 various	 specified	 conditions	 stained	 for	 the	
S/G2	marker	Geminin.	(B)	Quantification	of	the	Geminin	index	across	conditions,	defined	at	the	ratio	
of	electroporated	RGP	cells	positive	 for	Geminin	divided	by	the	 total	number	of	 electroporated	RGP	










only	a	 small	 increase	 in	 the	 fraction	of	BrdU	 incorporating	cells	over	 longer	pulse	
lengths	 in	 the	NDE1	knockdown	and	NDE1/NDEL1	double	 knockdown	 conditions	
(Figure	2.4C).	Furthermore,	this	small	increase	is	likely	to	result	from	the	necessity	





cultured	 non-neuronal	 cells,	 with	 NDE1	 knockdown	 resulting	 in	 ciliary	 over-
elongation	(Kim	et	al.,	2011).	Proper	initiation	of	ciliary	resorption	was	required,	in	
turn,	 for	 G0-	 or	 G1-to-S-phase	 progression	 in	 proliferating	 ciliated	 cells	 (Jackson,	
2011;	Kim	et	al.,	2011;	Li	et	al.,	2011).	To	test	whether	the	G1	accumulation	we	see	
in	 NDE1/NDEL1	 double	 knockdown	 might	 reflect	 a	 related	 mechanism,	 we	 co-
electroporated	 control	 and	 shRNA-encoding	 plasmids	 with	 the	 ciliary	 marker	
Arl13B-mCherry,	which	reliably	labels	primary	cilia	(Bangs	et	al.,	2015;	Paridaen	et	






























condition	 involves	 disruptions	 in	 the	 regulation	 of	 primary	 cilia	 length:	 E16	 rat	 embryonic	
brains	 were	 electroporated	 with	 the	 ciliary	 membrane	marker	 Arl13B	 and	 shRNAs	 to	 the	 various	
conditions	 described	 below.	 All	 analysis	 was	 done	 at	 E19.	 (A-B)	 NDE1	 knockdown	 resulted	 in	 a	
significant	 increase	 in	 primary	 cilia	 length	 among	 electroporated	 radial	 glia	 progenitors	 (RGPs),	
though	the	NDE1/NDEL1	knockdown	caused	an	even	greater	doubling	of	primary	cilia	length.	NDEL1	
knockdown	 resulted	 in	 no	 change	 from	 control	 RGP	 cilia	 length.	 (C-E)	 Inhibition	 of	 primary	 cilia	
assembly	 by	 knockdown	 of	 the	 intraflagellar	 transport	 protein	 IFT172	 rescued	 the	 CyclinD1	
accumulation	 seen	 in	 the	 NDE1/NDEL1	 double	 knockdown	 (E).	 Furthermore,	 the	 distribution	 of	
























anterograde	 IFT	 (intraflagellar	 transport)	 complex	 critical	 for	 primary	 cilia	
assembly	 (Ezratty	 et	 al.,	 2011)	 –	 to	 inhibit	 ciliogenesis	 in	 RGPs	 (Figure	 2.9A-B).	
Whereas	IFT172	knockdown	itself	had	little	effect	on	the	fraction	of	RGPs	in	G1,	 it	
rescued	 the	G1-to-S	 block	 seen	 in	NDE1/NDEL1	double	 knockdown,	 as	 judged	 by	
the	decrease	in	the	number	of	CyclinD1	positive	RGPs	(Figure	2.7C,E).	Furthermore,	
analysis	 of	 soma	 position	 revealed	 that	 the	 majority	 of	 RGPs	 displayed	 an	 INM	
phenotype	similar	to	NDE1	knockdown	alone,	suggesting	that	RGPs	now	progressed	
Figure	 2.8:	 NDE1,	 NDEL1,	 or	 knockdown	 of	 both	 proteins	 leads	 to	 increased	 primary	 cilia	
length	 in	 human	 cells.			(A)	 Immunofluorescence	micrographs	of	 serum-starved	 control	 and	RNAi	
treated	hTERT-	RPE1-GFP-CSAP	cells	 stained	as	 labeled.	 Scale	 bar,	 5µm.	(B)	 Primary	 cilia	 length	 in	
control	and	RNAi	conditions	as	 labeled.	RPE1	cells	(n=3x50).	Error	bars	represent	±	SEM.	Statistical	




















These	 results	 further	 support	 the	necessity	 of	 either	NDE1	or	NDEL1	 in	 initiating	
resorption	of	the	primary	cilia	to	allow	for	transition	from	G1	into	S-phase.	
Staining	 for	 NDE1/NDEL1	 in	 RGP	 cells	 revealed	 some	 perinuclear	 staining	
that	 overlapped	 with	 the	 intermediate	 chain	 of	 dynein	 (Figure	 2.10A).	 This	










the	 ciliary	 membrane	 marker	
Arl13B	 and	 shRNAs	 to	 the	
various	 conditions	 described	
below.	 All	 analysis	was	done	 at	
E19.	 (A)	 Control	 staining	 of	
brain	 slices	 expressing	 GFP	
empty	 vector	 and	 Arl13B-
mCherry	 (magenta)	 with	
glutamylated	 tubulin	-	a	 ciliary	
axoneme	 and	 basal	 body	
marker.	 (B)	 Inhibition	 of	
primary	 cilia	 assembly	 by	
knockdown	 of	 the	 intraflagellar	
transport	 protein	 IFT172,	
decreases	 the	 occurrence	 of	

























was	 centrally	 located	 in	 the	 RGP	 endfoot	 and	 overlapped	 with	 the	 pericentriolar	
matrix	(Figure	2.10C-D).	Interestingly,	though	NDE1/NDEL1	signal	was	very	strong	




day	 19.	 (A-B)	 Perinuclear	 NDE1/NDEL1	 signal	 overlaps	 with	 dynein	 intermediate	 chain,	
surrounding	 Pax6	 positive	 RGP	 cells.	 (C)	 NDE1/NDEL1	 signal	 localizes	 in	 the	 middle	 of	 RGP	
endfeet	when	viewed	by	en	face	 imaging,	 the	edges	of	which	are	marked	by	ß-Catenin.	(D)	This	
NDE1/NDEL1	signal	colocalized	with	the	pericentriolar	matrix	marker	AKAP450.	(E)	Though	the	
NDE1/NDEL1	 immunohistochemical	 signal	 localized	 to	 the	 pericentriolar	matrix	 at	 the	 base	 of	
the	 cilia,	 it	 did	 not	 colocalize	 with	 Arl13B,	 which	marks	 the	 primary	 cilia	 proper.	 Scale	 bar	 is	
10µm	in	(A,B)	and	2µm	in	(C,D),	and	1µm	in	(E).	
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2.10E).	These	results	suggest	 that	 there	 is	a	pool	of	NDE1	at	 the	nuclear	envelope	
during	 late-G2	dynein	 recruitment,	 and	 a	 substantial	 pool	 around	 the	 centrosome	
but	not	within	the	primary	cilia	itself.	
Cross	Rescue	Reveals	Shared	and	Unique	Functions	
	 To	define	 the	 relative	 functions	of	NDE1	and	NDEL1	 further,	 in	 addition	 to	
ensuring	RNAi	 specificity,	we	 performed	 rescue	 experiments	 using	RNAi-resistant	
NDE1	 and	 NDEL1	 tagged	 with	 mCherry	 (Figure	 2.1C).	 NDE1	 or	 NDEL1	
overexpression	 each	 largely	 rescued	 the	 neuronal	 migration	 defect	 seen	 in	
knockdown	 of	 either	 NDE1	 or	 NDEL1	 (Figure	 2.11A-C).	 Although	 NDEL1	
overexpression	only	partially	rescued	the	neuronal	migration	defect	seen	 in	NDE1	
knockdown,	 these	 results	 suggest	 that	 each	 paralog	 alone	 is	 sufficient	 for	
postmitotic	 migration.	 Live-imaging	 of	 RGP	 cells	 further	 revealed	 that	 RNAi-
resistant	 NDE1	 fully	 rescued	 NDE1	 RNAi-inhibited	 apical	 INM,	 mitosis,	 and	
subsequent	 basal	 migration	 (Figure	 2.12A,	 Supplementary	 Movies	 5	 and	 6).	 In	
addition,	 fixed	 imaging	 results	 demonstrated	 full	 rescue	 of	 somal	 positioning	
(Figure	 2.12B-C)	 as	well	 as	mitotic	 index	 (Figure	 2.12D),	 both	 in	NDE1	RNAi	 and	
NDE1/NDEL1	double	knockdown	cells	(Figure	2.12E-G).	These	results	indicate	that	
NDE1	alone	is	sufficient	for	INM	and	cell-cycle	progression.	
We	 also	 tested	 for	 functional	 complementation	 of	 the	 two	 paralogs	 by	
overexpressing	NDEL1	in	NDE1	knockdown,	and	NDE1	in	NDEL1	knockdown	RGPs.	



















RGP	 soma	 was	 radically	 altered	 by	 NDEL1	 overexpression	 in	 NDE1	 knockdown	
RGPs,	with	nearly	all	RGP	nuclei	located	adjacent	to	the	ventricle	(Figure	2.13B-C).	




metaphase	 arrest	 (Liang	 et	 al.,	 2007;	 Stehman	 et	 al.,	 2007;	 Vergnolle	 and	 Taylor,	
2007).	Therefore	it	was	surprising	that	RGP	cells	overexpressing	NDEL1	alone,	or	in	
Figure	 2.11:	 NDE1	 or	 NDEL1	
overexpression	 can	 largely	
rescue	 the	 neuronal	
migration	 defects	 seen	 after	
knockdown	of	either	protein:	
To	 test	 for	 RNAi	 rescue	 and	
functional	 complementation,	
embryonic	 rat	 brains	 were	 co-
electroporated	 at	 E16	 with	
shRNA	to	the	various	conditions	
with	 cDNA	 encoding	 RNAi-
resistant	 proteins	 for	 self-
rescue,	 and	 standard	 cDNA	 for	
cross-rescue.	 All	 analyses	 were	
done	 at	 E20.	 Quantification	 of	
the	 amount	 of	 electroporated	
cells	 migrating	 into	 the	 cortical	
plate	(CP)	is	shown	at	right.	(A)	
Overexpression	 of	 NDE1	 and	
NDEL1	 produced	 no	 significant	
change	 in	 the	 amount	 of	
neurons	 migrating	 into	 the	 CP.	







	migration	 into	 the	 CP.	 (C)	 Overexpression	 of	 RNAi-resistant	 NDEL1	 or	 NDE1	 with	 NDEL1	
knockdown	 rescued	 the	 neuronal	 migration	 into	 the	 CP,	 even	 increasing	 the	 fraction	 of	



























Figure	 2.12:	 RNAi-resistant	 NDE1	 overexpression	 rescues	 all	 defects	 seen	 in	 radial	 glia	
progenitors	 across	 knockdown	 conditions:	 RNAi-resistant	 NDE1	 was	 co-electroporated	 into	






images	 of	 RGPs	 stained	 for	 PH3	 within	 the	 VZ	 in	 various	 specified	 co-expression	 conditions.	
Arrowheads	mark	mitotic	 electroporated	RGPs.	Dashed	 line	 indicates	 ventricular	 surface.	 (C)	 Soma	
position	of	RGPs	with	RNAi-resistant	NDE1	overexpressed	during	NDE1	knockdown	indicates	that	the	
somal	 positioning	 distribution	 is	 rescued.	 (D)	 Overexpression	 of	 RNAi-resistant	 NDE1	 with	 NDE1	
knockdown	 also	 rescues	 the	 mitotic	 index.	 (E)	 Representative	 image	 of	 NDE1/NDEL1	 double	
knockdown	 with	 overexpression	 of	 RNAi-NDE1,	 stained	 for	 PH3.	 Arrowheads	 mark	 mitotic	
electroporated	 RGPs.	 Dashed	 line	 indicates	 the	 ventricular	 surface.	 (F-G)	 Overexpression	 of	 RNAi-
resistant	NDE1	with	double	NDE1/NDEL1	knockdown	rescues	the	distribution	of	RGP	nuclei	in	the	VZ	
(F)	and	restores	the	mitotic	 index	of	RGP	cells	(G)	Data	presented	as	scatterplot	 in	(C)	and	(F)	with	
bars	 representing	 the	 median	 ±	 the	 interquartile	 range,	 and	 as	 mean	 ±	 SEM	 in	 (D)	 and	 (G).	
Kolmogorov-Smirnov	test	for	non-parametric	distributions	used	in	(C)	(*	for	p<0.05,	n=428-474	RGP	



























Figure	 2.13:	 NDEL1	 overexpression	 rescues	 apical	 nuclear	 migration	 in	 NDE1	 deficient	
radial	 glia	 progenitors,	 but	 does	 not	 rescue	 entry	 into	 mitosis:	 cDNA	 for	 NDEL1	was	 co-
electroporated	 into	embryonic	 rat	brains	with	a	 GFP	control	 empty	 vector	or	 along	with	NDE1	
shRNA	 or	 NDE1	 and	 NDEL1	 shRNAs	 at	 E16,	 and	 analyzed	 at	 E20.	 (A)	 NDEL1	 overexpression	

















combination	with	 NDE1	 shRNA,	 were	 nearly	 all	 negative	 for	 PH3	 (Figure	 2.13B),	
with	 mitotic	 index	 reduced	 to	 a	 level	 comparable	 to	 that	 resulting	 from	 NDE1	
knockdown	 (Figure	 2.13D).	 The	 nuclear	 envelope	 in	 these	 ventricular	 surface-














surface,	 the	mitotic	 index	 remained	 reduced	 to	 a	 level	 similar	 to	 NDE1	 knockdown	 alone.	 (E)	
Representative	 image	 of	 RNAi-resistant	 NDEL1	 overexpression	 with	 NDE1/NDEL1	 double	
knockdown	 in	 RGP	 cells	 stained	 for	 PH3.	 Dashed	 line	 represents	 the	 ventricular	 surface.	 (F-G)	
RNAi-resistant	 NDEL1	 overexpression	 with	 NDE1/NDEL1	 double	 knockdown	 caused	 an	
accumulation	 of	 RGP	 soma	 at	 the	 ventricular	 surface	 similar	 to	 overexpression	 of	NDEL1	 on	 a	
wild	type	or	NDE1	deficient	background	(F),	and	once	again	failed	to	rescue	the	mitotic	index	(G)	
Data	presented	as	scatterplot	in	(C)	and	(F)	with	bars	representing	the	median	±	the	interquartile	
range,	 and	 as	 mean	 ±	 SEM	 in	 (D)	 and	 (G).	 Kolmogorov-Smirnov	 test	 for	 non-parametric	
distributions	used	 in	 (C)	 (*	 for	p<0.05,	n=405-475	RGP	cells	 in	 [C]	 and	n=245-272	RGP	cells	 in	







and	DAPI	 signal	of	 electroporated	RGP	cells.	 (B)	Staining	for	 lamin-associated	protein	2	 (LAP2)	
across	the	specified	conditions	reveals	that	these	RGP	nuclei	had	intact	nuclear	evidence	with	no	





at	 the	 RGP	 apical	 endfoot	 (Hu	 et	 al.,	 2013;	 Spear	 and	 Erickson,	 2012)	
(Supplementary	 Fig.	 2.14A).	 	 Similar	 results	 were	 obtained	 when	 RNAi-resistant	
NDEL1	was	used	to	rescue	the	NDE1/NDEL1	double	knockdown	(Figure	2.13E-G).	
Thus,	 NDEL1	 overexpression	 can	 compensate	 for	 NDE1	 during	 G1-to-S	
progression	and	apical	 INM,	but	excess	NDEL1	 induces	a	premitotic	arrest	 in	RGP	
cells	 even	 after	 the	 nucleus	 has	 reached	 the	 ventricular	 surface,	 preventing	 them	
from	entering	mitosis.	
BicD2	Expression	Reinforces	a	Novel	G2-to-M	Arrest	
	 Our	 lab	previously	 found	 that	overexpression	of	BicD2,	 the	 limiting	protein	
for	dynein	recruitment	to	the	nuclear	envelope	during	early	G2	(Hu	et	al.,	2013),	can	
rescue	RNAi	 knockdown	 for	 genes	 involved	 in	 either	 the	 early-	 or	 late-G2	 dynein	
recruitment	 pathways.	 	 This	 resulted	 in	 restoration	 of	 apical	 INM	 as	 well	 as	
subsequent	 mitosis	 (Hu	 et	 al.,	 2013).	 Importantly,	 BicD2	 is	 only	 targeted	 to	 the	
nuclear	 envelope	 during	 G2,	 providing	 an	 experimental	means	 to	 restore	 nuclear	
envelope	 dynein	 recruitment	 exclusively	 during	 this	 cell	 cycle	 stage	 (Baffet	 et	 al.,	
2015).	
In	the	current	study,	overexpression	of	BicD2	along	with	NDE1	shRNA	fully	
rescued	 apical	 INM,	 though,	 in	 this	 case,	 nuclei	 accumulated	 at	 the	 ventricle	 for	
prolonged	periods	of	 time	without	detectable	signs	of	mitotic	entry	(Figure	2.15A,	
Supplementary	Movie	8).	Consistent	with	these	results,	the	majority	of	RGP	soma	in	



























mitosis	 in	 radial	 glia	 progenitors	 depleted	 of	 NDE1:	 cDNA	 for	 full-length	 BicD2	was	 co-
electroporated	into	embryonic	rat	brains	with	a	GFP	control	empty	vector	or	along	with	NDE1	
shRNA	 or	NDE1	 and	NDEL1	shRNAs	 at	 E16,	 and	analyzed	at	E20.	(A)	The	 overexpression	 of	
BicD2	 in	 radial	 glia	 progenitors	 (RGPs)	 lacking	 NDE1	 restores	 apical	 migration,	 though	 the	
soma	accumulate	at	the	ventricle	for	hours	without	any	evidence	of	mitosis.	Montage	panels	are	
shown	 at	 30	 minute	 intervals.	 Full	 movie	 can	 be	 found	 in	 Supplementary	 Material	 (see	
Supplementary	 Movie	 8).	 (B)	 Representative	 images	 of	 BicD2	 overexpression	 on	 both	 a	
wildtype	and	NDE1	knockdown	background	with	staining	for	PH3.	Arrowheads	mark	mitoses	
in	electroporated	cells.	Dashed	line	indicates	ventricular	surface.	 (C)	BicD2	overexpression	did	











(Figure	 2.14A-B).	 	 Altogether	 these	 results	 provide	 further	 evidence	 for	 the	
requirement	 of	 NDE1	 during	 late-G2	 dynein-recruitment	 to	 the	 nuclear	 envelope,	
and	 reveal	 a	 new	 NDE1-specific	 role	 after	 completion	 of	 apical	 INM	 but	 before	
mitotic	entry.	Notably	 this	NDE1	 function	cannot	be	 rescued	by	overexpression	of	
NDEL1	or	BicD2.	
Intriguingly,	 when	 both	 NDE1	 and	 NDEL1	 were	 knocked	 down	 and	 BicD2	
overexpressed,	 the	 vast	 majority	 of	 RGP	 nuclei	 remain	 arrested	 far	 from	 the	
ventricular	 surface	 in	 a	 CyclinD1	 positive	 state	 (Figure	 2.14E-I),	 similar	 to	 the	
double	 NDE1/NDEL1	 knockdown	 condition	 without	 BicD2	 overexpression.	 The	
mitotic	 index	 was	 again	 severely	 reduced	 (Figure	 2.14E,G).	 	 Since	 BicD2	





	 Though	 NDE1	 and	 NDEL1	 RNAi	 both	 block	 neuronal	 migration	 into	 the	
cortical	plate	at	E20,	it	remained	unknown	whether	this	was	a	block	in	migration	or		
remained	reduced.	(E)	Representative	image	of	RGP	cells	with	BicD2	overexpression	along	with	
double	 NDE1/NDEL1	 knockdown,	 stained	 for	 PH3.	 Dashed	 line	 indicates	 ventricle.	 (F-G)	
Overexpression	 of	 BicD2	 with	 NDE1/NDEL1	 double	 knockdown	 fails	 to	 rescue	 the	 somal	
distribution	pattern	(F)	or	mitotic	index	(G)	of	double	NDE1/NDEL1	knockdown	RGP	cells.	(H-
I)	 The	 same	 ratio	 of	 RGP	 nuclei	 were	 positive	 for	 CyclinD1	 whether	 or	 not	 BicD2	 was	
overexpressed	along	with	 the	double	NDE1/NDEL1	knockdown,	 indicating	the	prominence	of	
the	G1-to-S	block	in	the	double	knockdown,	and	the	G2	specificity	of	the	BicD2	rescue	strategy.	
Arrowheads	 mark	 electroporated	 RGP	 nuclei	 positive	 for	 CyclinD1.	 Dashed	 line	 indicates	
ventricle	 surface.	 Data	 presented	 as	 scatterplot	 in	 (C)	 and	 (F)	 with	 bars	 representing	 the	
median	±	the	interquartile	range,	and	as	mean	±	SEM	in	(D),	(G),	and	(I).	Kolmogorov-Smirnov	
test	for	non-parametric	distributions	used	in	(C)	(*	for	p<0.05,	n=407-591	RGP	cells	in	[C]	and	





















RNAi	 condition	 remained	 arrested	 in	 the	 white	 matter	 at	 postnatal	 day	 7	 (P7),	
compared	with	control	cells	which	nearly	all	reached	the	superficial	cortical	layers	







radial	 glia	 at	 the	
ventricle:	(A)	Analysis	of	
postnatal	 day	 7	 tissue	
following	 electroporation	




migration.	 Cux1	 used	 to	
mark	 superficial	
neocortical	 layers.	 (B)	




marked	 by	 Pax6,	 along	
the	 ventricle.	 	 (C)	 High	
magnification	
examination	 of	 the	
arrested	 RGPs	 in	 the	
postnatal	 subventricular	
zone	 confirm	 that	 the	
electroporated	 cells	 are	
Pax6	 positive,	 are	 of	 glial	
identity	 and	 S100ß	
positive,	 and	 some	 are	
even	 positive	 for	 the	
proliferation	 marker	
Ki67.	 Scale	 bars	 are	
100µm	 in	 (A,B),	 and	
10µm	in	(C).	
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	 Interestingly,	 there	was	a	 large	accumulation	of	NDE1	RNAi	electroporated	
cells	lining	the	ventricle	in	the	SVZ	(Figure	2.16B).	These	cells	were	never	present	in	
control	 tissue,	 and	 stained	 positive	 for	 the	 RGP	 maker	 Pax6,	 as	 well	 as	 the	 glial	
marker	S100ß	(Figure	2.16B,C).	Some	of	the	arrested	cells	were	also	positive	for	the	
proliferation	marker	Ki67	(Figure	2.16C).	These	results	suggest	that	NDE1	RNAi	has	




	 NDE1	 and	NDEL1	 are	 the	 targets	 of	many	 post-translational	modifications,	
including	phosphorylation	by	cell-cycle	dependent	kinases	such	as	Cdk1	(Bradshaw	
et	 al.,	 2013).	 One	 of	 the	 Cdk1	 phosphorylation	 sites	 on	 NDE1	 –	 T246	 –	 has	 been	
implicated	 in	 the	 G2-to-M	 transition	 in	 cultured	 cells	 (Alkuraya	 et	 al.,	 2011).	
Overexpression	of	a	NDE1	construct	 in	which	the	T246	residue	was	replaced	with	
alanine	 (termed	 NDE1-T246A)	 caused	 an	 accumulation	 of	 HEK293	 cells	 in	 G2	
(Alkuraya	 et	 al.,	 2011),	 suggesting	 a	 role	 for	 this	 residue	 in	 mitotic	 entry.	 We	
electroporated	NDE1	RNAi	and	overexpressed	RNAi-resistant	NDE1-T246A,	which	
rescued	apical	 INM	in	RGPs	but	 lead	to	a	reduction	 in	the	mitotic	 index,	similar	 to	
the	 G2-to-M	 block	 seen	 before	 (Figure	 2.17A-C).	 Overexpression	 of	 NDE1-T246A	





















nuclear	 envelope	 during	 late	 G2	 and	 pulled	 down	 increased	 amount	 of	 CENP-F	
(Wynne	 and	 Vallee,	 unpublished).	 NDE1	 RNAi	 followed	 by	 rescue	 with	 a	 doubly	
phosphomutated	 NDE1	 (NDE1-T215A-T246A)	 did	 not	 rescue	 apical	 INM,	 as	
indicated	by	apical	process	 length	distribution	and	mitotic	 index	(Figure	2.17D-F).	
Once	 again	 there	 was	 a	 slight	 reduction	 of	 the	 mitotic	 index	 from	 control	 tissue	
where	NDE1-T215A-T246A	was	not	overexpressed	(Figure	2C,	Figure	2.17E).	This	
Figure	 2.17:	 The	 T246	
Phosphorylation	Site	on	
NDE1	 is	 Involved	 in	 the	
G2-to-M	Transition:	GFP	






analyzed	 at	 E20.	 (A-C)	




Figures	 2.14	 and	 2.15,	
with	 a	 reduction	 in	 the	
mitotic	 index	 and	 an	
accumulation	 of	 radial	










scatterplot	 in	 (C)	 and	 (F)	
with	 bars	 representing	
the	 median	 ±	 the	
interquartile	 range,	 and	
as	mean	±	SEM	in	(D)	and		







	 Intriguingly	 two	 separate	 studies	 found	 unrelated	 families	 to	 possess	 the	
same	 mutation	 in	 NDE1	 that	 leads	 to	 microcephaly	 (Alkuraya	 et	 al.,	 2011;	
Bakircioglu	et	al.,	2011).	This	mutation	–	a	homozygous	deletion	of	two	nucleotides	
at	 the	684-685	positions	–	 results	 in	 a	novel	C-terminal	 region	on	NDE1	after	 the	
229th	amino	acid,	and	a	premature	truncation	of	the	protein.		One	study	found	that	
this	resulted	in	ubiquitination	and	degradation	of	all	NDE1	(Alkuraya	et	al.,	2011),	
while	 another	 found	 that	 NDE1	 was	 still	 present	 (Bakircioglu	 et	 al.,	 2011).	 We	
recreated	the	same	mutation	using	a	human	NDE1	overexpression	construct	driven	
by	 a	 CAG	promoter	 (termed	delAC-NDE1),	 and	 found	 that	NDE1	 knockdown	with	
overexpression	of	the	delAC-NDE1	construct	arrested	the	majority	of	RGP	nuclei	at	a	
distance	comparable	to	NDE1	RNAi	alone	(Figure	2.18A,B).	NDE1	RNAi	with	delAC-




marked	 by	 Cux1	 staining	 (Figure	 2.18D).	 The	 majority	 of	 electroporated	 cells	































control	 plasmid	 or	 NDE1	
RNAi	was	electroporated	with	
delAC-NDE1	 overexpression	
into	 E16	 embryonic	 rat	
brains,	 and	 analyzed	 at	 E20.	
(A-C)	 Rescue	with	 the	delAC-
NDE1	 phosphomutant	
construct	 did	 not	 rescue	
apical	 INM,	 leading	 to	 a	
reduction	 in	the	mitotic	 index	
and	an	accumulation	of	radial	
glia	 (RGP)	 nuclei	 within	 10-
15µm	 of	 the	 ventricle	 (D-E)	





accumulating	 at	 the	 ventricle	
in	 a	 Pax6	 positive	 state.	 Data	
presented	as	scatterplot	in	(B)	
with	 bars	 representing	 the	
median	 ±	 the	 interquartile	
































Figure	 2.19:	 The	 Schizophrenia-Associated	 Mutation	 in	 NDE1	 Impairs	 Leading	 Process	
Formation	But	Not	Radial	Glia	Proliferation:	GFP	control	plasmid	electroporated	with	S214F-
NDE1	or	T215A-NDE1	overexpression	 into	E16	embryonic	rat	brains,	and	analyzed	at	E20.	(A-C)	
S214F-NDE1	 overexpression	 to	 mimic	 the	 heterozygous	 schizophrenia-associated	 NDE1-
mutations	does	not	impair	the	mitotic	index	or	somal	distribution	of	radial	glia	progenitor	(RGP)	
cells.	 (E-D)	 S214F-NDE1	 or	 T215A-NDE1	 overexpression	 does	 not	 interfere	 with	 neuronal	
migration	 into	 the	 cortical	 plate	 when	 assayed	 four	 days	 after	 electroporation	 at	 E20.	 (F)	 The	
bipolar	 migrating	 neurons	 overexpressing	 S214F-NDE1	 or	 T215A-NDE1	 displayed	 altered	















Immediately	adjacent	 to	 the	S214	amino	acid	 is	 the	T215	 residue,	which	 is	
thought	to	be	a	phosphorylation	site	for	both	Cdk1	and	Cdk5(Bradshaw	et	al.,	2013).	
Since	it	was	hypothesized	that	the	S214F	mutation	may	impact	the	phosphorylation	
of	 the	 T215	 residue	 (Kimura	 et	 al.,	 2014),	 we	 also	 employed	 a	 phosphomutant	
T215A-NDE1	 construct	 in	 testing	 the	 S214F-NDE1	 construct.	 Four	 days	 after	 in	
utero	 electroporation	 there	 was	 no	 defect	 in	 the	 migration	 of	 cells	 expressing	
S214F-NDE1	 into	 the	 cortical	 plate	 (Figure	 2.19D-E).	 Close	 examination	 of	 the	
migrating	 bipolar	 cells,	 however,	 revealed	 that	 the	 leading	 processes	 were	
morphologically	 distinct	 from	 the	 leading	 processes	 of	 control	 or	 NDE1	
overexpressing	 cells	 (Figure	 2.19F).	 The	 cells	 overexpressing	 the	 T215A-NDE1	 or	
S214F-NDE1	constructs	had	leading	processes	with	many	branches	and	protrusions,	



























between	 the	 two	 genes	 remains	 very	 limited,	 making	 an	 understanding	 of	 the	
factors	 leading	 to	 these	developmental	 abnormalities	 challenging.	Although	NDE1,	
in	 particular,	 has	 been	 implicated	 in	 a	 severe	 form	 of	 human	 microcephaly	
(Alkuraya	et	al.,	2011;	Bakircioglu	et	al.,	2011;	Guven	et	al.,	2012;	Paciorkowski	et	
al.,	2013),	the	specific	underlying	mechanism	is	uncertain.	We	find	here	that	NDE1		
Figure	 2.20:	 The	 Schizophrenia-Associated	 Mutation	 in	 NDE1	 and	 the	 T215A-NDE1	
Phosphomutant	Impair	Migration	into	the	Superficial	Layers:	(A)	GFP	control	plasmid,	NDE1	



















and	 NDEL1	 can	 substitute	 for	 each	 other	 in	 diverse	 aspects	 of	 neurogenesis	 and	
neuronal	 migration.	 Our	 data,	 however,	 reveal	 a	 strongly	 predominant	 role	 for	
NDE1	in	RGP	cell	behavior.	We	identify	three	distinct	non-mitotic	stages	of	RGP	cell	
cycle	progression	that	are	susceptible	to	reduction	in	NDE1	or	both	NDE1/NDEL1,	
each	 of	 which	 should	 lead	 to	 a	 marked	 decrease	 in	 neurogenesis	 (Figure	 2.21).	
These	 observations	 should	 help	 resolve	 the	 mechanisms	 responsible	 for	 NDE1-
associated	microcephaly	and	other	forms	of	the	disease.	
	 We	find	that	NDE1	RNAi	causes	substantial	numbers	of	RGP	nuclei	to	become	
arrested	 during	 apical	 INM.	 This	 effect	 blocks	 the	 RGP	 soma	 from	 reaching	 the	
ventricular	 surface,	 preventing	 these	 cells	 from	 ever	 entering	 mitosis	 (Hu	 et	 al.,	
Figure	2.21:		Roles	of	NDE1	and	NDEL1	in	the	Neural	Progenitor	Cell	Cycle.	Our	data	indicate	
that	NDE1	 is	 required	for	3	distinct	non-mitotic	processes	 in	 the	 radial	glia	progenitor	 (RGP)	 cell	
cycle:	 G1-to-S	 progression	 (1),	 apical	 INM	during	 late	 G2	 (2),	 and	 G2-to-M	 transition	 (3).	 NDEL1	
overexpression	rescues		(1)	and	(2),	but	not	(3).			Interference	with	the	RGP	cell	cycle	at	any	or	all	of	




2013).	 The	 distance	 from	 the	 ventricular	 surface	 at	 which	 the	 NDE1	 knockdown	
nuclei	 arrest	 is	 similar	 to	 that	 seen	 for	 CENP-F	 and	Nup133	 knockdown,	 the	 two	
upstream	 factors	 in	 the	 late-G2	pathway	 for	 recruitment	of	 cytoplasmic	dynein	 to	
the	nuclear	envelope	(Baffet	et	al.,	2015;	Bolhy	et	al.,	2011;	Hu	et	al.,	2013).	Though	




RGP	 cells.	 Conceivably,	 the	 residual	 mitoses	 in	 the	 NDE1	 null	 mouse	 could	 be	
associated	with	intermediate	progenitor	cells	located	within	the	SVZ,	or	result	from	
compensatory	upregulation	of	NDEL1	in	the	NDE1	null	mouse.		
	 In	 examining	 functional	 redundancy	 between	 NDE1	 and	 NDEL1,	 we	
uncovered	 another	 premitotic	 NDE1-specific	 role	 during	 cell	 cycle	 progression.		
According	to	our	data,	NDE1	is	required	to	act	following	completion	of	apical	INM	to	
avoid	 a	 block	 in	 G2-to-M	 transition.	 This	 arrest	 occurs	 prior	 to	 histone-H3	
phosphorylation,	 nuclear	 envelope	 breakdown,	 DNA	 condensation,	 centrosome	
separation,	 and	 centrosome	 release	 from	 the	 apical	 endfoot.	 	 Importantly,	 NDEL1	
was	 unable	 to	 compensate	 for	 NDE1	 knockdown	 at	 this	 stage.	 In	 fact,	
overexpression	 of	 NDEL1	 induced	 a	 similar	 phenotype,	 suggesting	 a	 dominant-
negative	effect,	perhaps	involving	formation	of	heterodimers	with	NDE1	(Bradshaw	
et	 al.,	 2011).	 By	 utilizing	 BicD2	 overexpression	we	were	 also	 able	 to	 force	 NDE1	
knockdown	 RGP	 cells	 to	 complete	 INM,	 yet	 these	 cells	 remained	 unable	 to	 enter	
mitosis.	This	stands	in	contrast	to	BicD2	rescue	of	CENP-F	knockdown	in	RGP	cells,	
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which	were	 able	 to	 complete	 apical	 INM	 and	 enter	mitosis	 (Hu	 et	 al.,	 2013),	 and	
suggests	 an	 as	 yet	 unidentified,	 spatially	 sequestered	 apical	 signal	 responsible	 for	
RGP	mitotic	entry.		There	has	been	one	prior	report	of	a	NDE1	mutation	leading	to	a	









have	 provided	 evidence	 that	 resorption	 of	 primary	 cilia	 needs	 to	 be	 initiated	 for	




accompanied	 by	 the	 over-elongation	 of	 primary	 cilia.	 An	 additionally	 intriguing	
aspect	 of	 our	 observations	 was	 that	 this	 arrest	 was	 exacerbated	 by	 the	 double	
knockdown	 of	 NDE1/NDEL1,	 unlike	 apical	 INM	 inhibition,	 which	 was	 readily	
apparent	 when	 only	 NDE1	 was	 knocked	 down.	 This	 enhanced	 G1/S	 block	 with	
double	 knockdown	 suggests	 that	 each	 paralog	 alone	 can	 contribute	 to	 initiating	
ciliary	 resorption	 in	 RGPs,	 and	 the	 rescue	 of	 this	 phenotype	 by	 inhibiting	
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ciliogenesis	 indicates	 that	 dysregulation	 at	 the	 primary	 cilia	 is	 causal	 of	 the	 G1/S	
block	in	the	NDE1/NDEL1	double	knockdown	in	RGP	cells.		




conditions	 alone.	 Nonetheless,	 lack	 of	 primary	 cilia	 is	 very	 different	 from	
dysregulation	 of	 the	 ciliary	 growth	 cycle	 and	 cilia	 over-elongation,	 which	 may	
explain	 why	 development	 occurs	 largely	 normally	 without	 primary	 cilia,	 while	
aberrations	 in	 primary	 cilia	 length/resorption	 may	 block	 cell	 proliferation.	 This	
view	is	further	supported	by	a	report	of	a	block	to	RGP	cell	cycle	progression	caused	
by	 knockdown	 of	 TcTex1,	 which	 also	 affects	 ciliary	 resorption	 (Li	 et	 al.,	 2011).	
Nevertheless,	it	remains	to	be	resolved	whether	NDE1	and	NDEL1	are	playing	a	role	
in	 recruiting	 specific	 regulators	 of	 the	 primary	 cilia,	 whether	 they	 facilitate	
retrograde	intraflagellar	transport,	or	whether	they	play	an	entirely	separate	role	in	
primary	cilia	regulation/signaling.	
Microcephaly	 arises	 from	 impaired	 proliferation	 of	 the	 progenitor	 cells,	
resulting	either	from	defects	in	S-phase,	or	more	commonly,	in	mitotic	progression	
(Barkovich	 et	 al.,	 2012).	 The	 current	 study,	 however,	 reveals	 three	 alternative	
mechanisms	associated	with	a	severe	microcephaly-causing	gene,	NDE1,	and	is	the	
first	to	link	aberrations	in	apical	INM	to	human	disorders	of	corticogenesis.	Relative	
to	 rodents,	 development	 of	 the	 human	 neocortex	 relies	 on	 an	 expanded	 outer	






2007;	 Vergnolle	 and	 Taylor,	 2007;	 Yan	 et	 al.,	 2003).	 Although	 NDE1	 is	 likely	





to	 reduced	brain	 size	 (Alkuraya	 et	 al.,	 2011;	Bakircioglu	 et	 al.,	 2011;	Guven	 et	 al.,	
2012;	 Paciorkowski	 et	 al.,	 2013),	which	 raises	 the	 question	 of	whether	 defects	 in	
proliferation	are	solely	accountable	for	the	laminar	deficits	seen	by	MRI.	In	addition	
to	 the	 three	major	 cell-cycle	 roles	 for	NDE1	 identified	 in	RGP	proliferation,	NDE1	
and	 NDEL1	 were	 each	 shown	 to	 be	 crucial	 for	 the	 migration	 of	 the	 postmitotic	
neuronal	 precursors	 into	 the	 cortical	 plate.	 Thus,	 these	 changes	 in	 postmitotic	
migration	 likely	 explain	 the	 subsidiary	 cortical	 laminar	 dysplasia	 seen	 in	many	 of	
the	 patients	 with	 NDE1	 microcephaly	 (Alkuraya	 et	 al.,	 2011;	 Bakircioglu	 et	 al.,	
2011).	
Remarkably	 the	 RGPs	 electroporated	 with	 NDE1	 RNAi	 remained	 at	 the	
ventricular	surface	for	up	to	two	weeks,	persisting	in	a	radial	glia-like	state	even	at	
P7.	This	persistence	of	electroporated	cells	at	the	ventricle	was	not	seen	in	control	
tissue,	 and	 suggests	 that	 these	 RGP	 cells	 survive	 but	 remain	 arrested	 for	 weeks.	
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There	 were	 very	 few	 electroporated	 cells	 that	migrated	 into	 the	 neocortex	 at	 P7	




Cdk1	 has	 been	 shown	 to	 regulate	 apical	 INM	 through	 phosphorylation	 of	
RanBP2	by	activating	the	early	G2-dynein	recruitment	pathway	(Baffet	et	al.,	2015),.	
Additionally	NDE1	 is	 a	 known	Cdk1	 substrate	 (Bradshaw	 et	 al.,	 2013).	 Therefore,	




(Wynne	 and	 Vallee,	 unpublished).	 Overexpression	 of	 a	 T215A-T246A	




G2	 dynein	 recruitment	 to	 the	 nuclear	 envelope	 through	 the	 NDE1-CENP-F	
interaction.	More	work	needs	to	be	done	to	investigate	if	the	delAC-NDE1	construct	
has	 dominant-negative	 effects	 on	 cell	 cycle	 progression,	 as	 well	 as	 the	
phosphomimetic	rescues	of	NDE1	function.	
While	 interference	with	multiple	Cdk	phosphorylation	sites	 impedes	NDE1-
CENP-F	binding,	 there	 is	 preliminary	 evidence	 that	 single	phosphomutant	T246A-
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NDE1	expression	in	HEK293	cells	promotes	an	accumulation	in	G2	(Alkuraya	et	al.,	
2011).	 Since	our	work	provided	evidence	 that	 there	 is	a	 requirement	 for	NDE1	 in	
the	G2-to-M	transition	 independent	 from	 its	 role	at	 the	nuclear	envelope	 in	apical	
INM,	we	further	tested	the	involvement	of	the	T246	phosphorylation	site	in	RGP	cell	
function.	Intriguingly,	NDE1	RNAi	with	T246A-NDE1	rescue	recapitulated	the	G2-to-
M	 arrest.	 That	 the	 substitution	 of	 a	 single	 residue	 on	 NDE1	 could	 have	 such	 a	
profound	 impact	 on	 RGP	 function	 suggests	 that	 there	 may	 be	 something	 unique	
about	 the	 phosphomutant	 T246A-NDE1,	 possibly	 impairing	 its	 interaction	 with	
select	 binding	 partners.	 Other	 experiments	 must	 be	 done	 to	 investigate	 whether	
single	mutation	of	 the	other	 two	Cdk1	phosphorylation	 sites	of	NDE1	–	T215	and	
T243	–	will	also	lead	to	the	G2-to-M	arrest,	or	if	this	role	is	unique	to	the	T246	site.	







current	 clinical	 understanding	 of	 schizophrenia	 as	 a	 disease	 dependent	 on	
underlying	genetic	predisposition	compounded	by	some	form	of	an	environmental	
insult	 (Sullivan	 et	 al.,	 2012).	 The	 current	 chapter	 found	 that	 this	 schizophrenia-
associated	mutation	in	NDE1	at	the	S214	site	impairs	leading	process	morphology	in	
migrating	 bipolar	 neurons	 and	 affected	 early	 neocortical	 lamination,	 but	 not	 RGP	
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proliferation.	 If	 this	 impairment	 in	 migration	 seen	 at	 P7	 is	 heterogenous	 among	
cortical	 glutamatergic	neruons,	 then	 it	 could	 impact	neocortical	 connectivity	 since	
the	neurons	do	not	reach	their	appropriate	layer.	Since	layer	identity	for	excitatory	
glutamatergic	 neurons	 is	 established	 during	 the	 multipolar	 stage	 (Miyoshi	 and	
Fishell,	2012),		any	defect	during	bipolar	migration	may	cause	neurons	destined	for	
superficial	 layers	 to	 be	 deposited	 in	 the	 deeper	 layers.	 Neurons	 in	 the	 different	
layers	 have	 different	 axonal	 projection	 targets	 and	 morphologies,	 which	 could	
contribute	 to	altered	 connectivity	 in	 the	neocortex.	This	defect	 in	 connectivity	 fits	
with	 the	emerging	 literature	 that	 impairments	 in	various	biological	processes	 that	
affect	 neuronal	 connectivity	 could	 establish	 a	 predisposition	 to	 developing	
schizophrenia	later	in	life	(Chen	et	al.,	2016;	Muraki	and	Tanigaki,	2015;	Sekar	et	al.,	
2016).	
A	 final	 consideration	 when	 using	 rodent	 models	 of	 human	 brain	
developmental	disease	is	the	extensive	difference	in	neuron	density	and	neocortical	
size.	 The	 neocortex	 of	 primates	 contains	 the	 distinct	 proliferative	 outer	
subventricular	zone	(oSVZ),	home	to	vastly	more	basal	progenitors	than	the	rodent	
brain,	 including	 the	 specialized	 outer	 radial	 glia	 (Fietz	 et	 al.,	 2010;	 Hansen	 et	 al.,	
2010).	These	cells	help	to	amplify	 the	amount	of	neurons	generated	by	radial	glia,	
and	 exhibit	 a	 specialized	 form	of	migration	prior	 to	mitosis	 termed	mitotic	 somal	
translocation	 (Ostrem	 et	 al.,	 2014).	 Additionally	 there	 is	 a	 prolonged	 period	 of	
progenitor	 expansion	 during	 human	 neocortical	 development,	 followed	 by	 the	
switch	 to	 asymmetric	 divisions	 (Lewitus	 et	 al.,	 2013).	 It	 is	 possible	 that	 there	 are	
expanded	 roles	 for	 NDE1	 in	 human	 brain	 development	 that	 cannot	 be	 modeled	
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using	 rodents,	 and	 it	 cannot	 be	 ruled	 out	 that	 the	 baseline	 differences	 between	
human	 and	 rodent	 brain	 development	 may	 contribute	 to	 the	 severity	 of	 NDE1	
microcephaly.	
All	 together	 it	 appears	 that	 the	 two	 dynein	 regulatory	 proteins	 NDE1	 and	
NDEL1	have	both	overlapping	and	distinct	functions	during	mammalian	neocortical	
development.	 Though	 differences	 in	 protein	 expression	 and	 posttranslational	
modification	likely	contribute	to	differences	as	well,	our	results	imply	that	there	is	























by	 administration	 of	 buprenorphine	 (0.05mg/kg)	 and	 bupivicaine	 (2mg/kg).	








was	 returned	 to	 the	 abdominal	 cavity,	 the	 incision	 site	 closed	 by	 suture	 of	 the	
abdominal	 rectus	 muscle	 and	 closer	 of	 the	 skin	 via	 abdominal	 wound	 clips.	 Rats	
were	monitored	every	day	post	surgery	until	the	desired	developmental	time	point,	
and	 buprenorphine	 (0.05mg/kg)	 was	 provided	 every	 8-12	 hours	 for	 the	 first	 48	
hours	 of	 recovery	 for	 pain	 management(Baffet	 et	 al.,	 2016).	 All	 animal	 protocols	











7	 (P7)	 brains	were	 removed	 the	 animals	were	 sacrificed	 by	 decapitation,	 and	 the	
brains	removed.	For	NDE1/NDEL1	immunostaining,	the	brain	slices	were	prepared	
as	 if	 for	 live	 imaging	and	the	slices	were	 fixed	 in	methanol	 for	at	 -20˚C	 for	20min.	
Following	 fixation	 brains	 were	 embedded	 in	 4%	 agarose	 in	 PBS	 and	 sliced	 by	 a	
vibratome	 (Zeiss)	 in	 80µm	 thick	 coronal	 sections.	 Sections	 were	 incubated	 in	
blocking	 solution	 containing	 PBS	 and	 0.3%	 Triton	 X-100	 supplemented	 with	 3%	
normal	 donkey	 serum	 for	 1	 hr.	 Primary	 antibodies	 were	 incubated	 overnight	 in	
blocking	solution	at	4°C,	sections	were	washed	3x	in	PBS,	and	secondary	antibodies	
in	 blocking	 solution	were	 incubated	 for	 2	 hr	 at	 room	 temperature.	 Sections	were	
mounted	 on	 slides	 using	 Aqua-Poly/Mount	 (Polysciences,	 Inc).	 For	 BrdU	
immunostaining,	 BrdU	 (Sigma-Aldrich)	 was	 injected	 intraperitoneally	 (20mg/mL)	
into	the	gravid	mother	once	every	3	hours	for	cumulative	pulses	of	either	3,	6,	12,	or	
24	hours	duration.	For	 the	30min	BrdU	pulse,	brains	were	sliced	according	 to	 the	
live	 imaging	 protocol	 (described	 below),	 immersed	 in	 BrdU	 containing	 media	
(20µg/mL)	 for	 30	 minutes	 before	 fixation	 with	 PFA.	 For	 BrdU	
immunohistochemistry,	 brain	 slices	were	 first	 incubated	 in	 2N	HCl	 for	 25	min	 at	
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cerebrospinal	fluid(Baffet et al., 2016)	and	were	sliced	into	300µm	coronal	sections	
as	 described	 above.	 Slices	 were	 placed	 on	 0.4μm,	 30mm	 diameter	 Millicell-CM	
inserts	(Millipore)	 in	cortical	culture	medium	containing	25%	Hanks	balanced	salt	
solution,	 47%	 basal	 MEM,	 25%	 normal	 horse	 serum,	 1X	
penicillin/streptomycin/glutamine	 (GIBCO	 BRL),	 and	 30%	 glucose.	 Slice	 was	
transferred	 to	 a	 50mm	 glass-bottom	 dish	 and	 imaged	 on	 an	 IX80	 laser	 scanning	
































































































All	 images	 were	 collected	 with	 an	 IX80	 laser	 scanning	 confocal	 microscope	
(Olympus	FV100	Spectral	Confocal	System).	Brain	sections	were	imaged	using	a	60x	
1.42	N.A.	oil	objective	or	a	10x	0.40	N.A.	air	objective.		All	drawings	were	composed	
using	 Inkscape	 open	 source	 software.	 All	 images	 were	 analyzed	 using	 ImageJ	









represented	as	 scatterplots	with	bars	plotting	 the	median	and	 interquartile	 range.	
This	was	done	to	provide	a	more	comprehensive	representation	of	the	data,	since	all	
conditions	 failed	 the	 D’Agostino	 &	 Pearson	 omnibus	 normalcy	 test.	 Due	 to	 the	
nonparametric	nature	of	these	distributions,	Kolmogorov-Smirnov	tests	were	used	
for	 all	 comparisons	 of	 experimental	 conditions	 to	 the	 corresponding	 control	
condition.	The	ROUT	method	was	used	to	identify	any	outliers,	none	of	which	were	
found	across	the	conditions.	Measurements	of	the	distance	between	RGP	nuclei	and	
ventricular	surface	were	made	 from	3	different	embryonic	 rat	brains,	each	 from	a	
different	mother.	For	mitotic	 index,	CyclinD1	ratio,	BrdU	ratio,	Ki67	ratio,	 and	 the	
fraction	of	electroporated	cells	reaching	the	cortical	plate,	all	data	are	plotted	as	the	







condition.	 For	 all	 non-Gaussian	 distributions,	 a	 Kruskal-Wallis	 test	was	 employed	
first,	 followed	 by	 Kolmogorov-Smirnov	 tests	 or	 Dunn’s	multiple	 comparison	 tests	
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single	 isolate	 from	a	Nigerian	patient	 in	1954	does	not	 infect	or	 replicate	 in	brain	
slices,	 though	 introduction	 of	 the	 viral	 RNA	 from	 this	 strain	 into	 neuronal	
progenitors	permitted	for	the	single	cycle	replication	event.	All	other	ZIKV	isolates	
efficiently	replicated	in	early	and	mid-gestation	embryonic	tissue,	though	only	one	
recent	 isolate	 replicated	 in	 the	 late-gestation	 embryonic	 tissue.	 This	 isolate	
preferentially	 infected	 neurons	 in	 the	 cortical	 plate.	 These	 data	 indicate	 some	









	 Embryonic	 development	 of	 the	 central	 nervous	 system	 is	 an	 exquisitely	
coordinated	 process	 reliant	 upon	multiple	 distinct	 phases	 of	 cellular	 proliferation	
and	maturation	 (Paridaen	and	Huttner,	2014).	 In	 the	neocortex,	which	constitutes	
the	outer	region	of	 the	brain,	proper	proliferation	of	 the	neural	stem	cells	–	radial	
glia	progenitors	(RGPs)	–	and	the	subsequent	migration	of	their	postmitotic	progeny	
is	 required	 during	 embryonic	 development	 (Kriegstein	 and	 Alvarez-Buylla,	 2009;	
Noctor	et	al.,	2004).	Interference	with	neurogenesis	or	neuronal	migration	leads	to	
malformations	 of	 cortical	 development,	 such	 as	 microcephaly	 (a	 disease	
characterized	by	reduced	brain	size)	or	lissencephaly	(a	disease	characterized	by	a	
lack	 of	 neocortical	 gyration)	 (Guerrini	 and	 Dobyns,	 2014).	 Aberrations	 in	
neocortical	development	can	occur	due	to	genetic	disorders,	vascular	 insufficiency	
in	utero,	or	mother-to-child	vertical	transmission	of	an	infectious	agent	(Hagen	et	al.,	
2014).	 Pathogens	 implicated	 in	 microcephaly	 include	 Toxoplasma	 gondii,	
cytomegalovirus,	Herpes	 Simplex	Virus	 (Neu	 et	 al.,	 2015).	 Recently,	 the	 arbovirus	
Zika	 Virus	 (ZIKV)	 was	 identified	 as	 a	 pathogen	 responsible	 for	 primary	
microcephaly	(Driggers	et	al.,	2016;	Mlakar	et	al.,	2016;	Steele,	2016).	Lissencephaly	
and	 other	 cortical	 malformations	 have	 been	 associated	 with	 ZIKV	 infection,	 in	
addition	 to	microcephaly	 (Soares	 de	 Oliveira-Szejnfeld	 et	 al.,	 2016;	 Štrafela	 et	 al.,	
2016).	 Together	 these	 malformations	 of	 cortical	 development	 comprise	 the	
congenital	 Zika	 virus	 syndrome	 (CZVS),	 along	 with	 stunted	 growth	 from	




includes	 other	 neuropathic	 viruses	 such	 as	West	Nile	 virus,	 Japanese	 encephalitis	
virus,	 and	 tick-borne	 encephalitis	 virus	 (Pierson	 and	 Diamond,	 2012).	 Initially	
isolated	 from	 a	 febrile	monkey	 in	 the	 Zika	 forest	 in	 Uganda	 in	 1947	 (DICK	 et	 al.,	
1952),	the	first	human	case	of	ZIKV	was	identified	in	Nigeria	in	1954	(MACNAMARA,	
1954).	 Much	 of	 the	 population	 within	 Africa	 (MACNAMARA,	 1954;	 SMITHBURN,	






this	 time	73%	of	 the	population	of	Yap	 Island	was	believed	 to	have	been	 infected	




paralysis	 (Cao-Lormeau	 et	 al.,	 2016).	 This	 was	 the	 first	 identified	 neurological	
sequela	of	ZIKV	infection.	Intriguingly,	another	retrospective	study	also	identified	a	
surge	 in	 microcephaly	 cases	 among	 newborns	 in	 French	 Polynesia	 during	 this	
outbreak	(Cauchemez	et	al.,	2016).	
	 In	 late	 2014	 the	 first	 cases	 of	 ZIKV	 infection	 were	 identified	 in	 northern	
Brazil	(Campos	et	al.,	2015),	though	the	virus	is	thought	to	have	arrived	in	Brazil	in	
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November	 or	 December,	 2013	 (Lessler	 et	 al.,	 2016).	 Subsequently	 ZIKV	 spread	
throughout	 the	 region	 leading	 to	 outbreaks	 of	 Guillain-Barré	 and	 microcephaly	
(Faria	et	al.,	2016;	Lessler	et	al.,	2016).	Recent	reports	also	suggest	that	ZIKV	may	
have	been	spreading	 in	Haiti	at	 roughly	 the	same	 time,	 complicating	 the	narrative	
about	 ZIKV	 spread	 in	 the	Americas	 (Lednicky	 et	 al.,	 2016).	Nonetheless,	 ZIKV	has	
continued	to	disseminate	through	40	countries	within	western	hemisphere,	all	with	
local	 transmission	 by	 the	 Aedes	 aegypti	 mosquito	 (Chan	 et	 al.,	 2016),	 and	 CZVS	
continues	to	impact	newborns	at	an	alarming	rate.	
	 Unlike	 fetuses	 exposed	 to	 ZIKV,	 most	 adults	 with	 ZIKV	 infection	 are	
asymptomatic,	 though	 symptoms	 can	 include	 fever,	 rash,	 conjunctivitis,	 and	
arthralgia,	all	of	which	are	self-limiting	(Lessler	et	al.,	2016).	During	the	outbreak	on	
YAP	 island	 19%	 of	 people	 with	 serological	 evidence	 of	 recent	 ZIKV	 infection	
reported	 symptoms,	 suggesting	 that	 the	 majority	 of	 cases	 in	 adults	 are	
asymptomatic	 (Duffy	 et	 al.,	 2009).	 For	 patients	 who	 develop	 symptoms,	 onset	 is	
generally	 within	 6	 to	 11	 days	 post-exposure,	 and	 99%	 of	 patients	 have	 no	 virus	
detectable	 in	 the	blood	by	24	days	post-exposure	 (Lessler	 et	 al.,	 2016),	mirroring	
reports	 of	 ZIKV	 exposure	 in	 rhesus	 macaque	 models	 (Dudley	 et	 al.,	 2016).	
Interestingly,	 pregnant	 patients	 can	 remain	 viremic	 for	 up	 to	 10	 weeks	 post-
exposure	(Driggers	et	al.,	2016),	a	finding	recapitulated	in	rhesus	macaque	studies	
(Dudley	 et	 al.,	 2016),	 though	 when	 these	 pregnancies	 came	 to	 term	 the	 viremia	
cleared	 within	 a	 week	 (Driggers	 et	 al.,	 2016).	 This	 suggests	 that	 the	 fetus,	 once	





	 Perhaps	 the	 most	 alarming	 feature	 of	 the	 ZIKV	 epidemic	 is	 the	 impact	 on	
pregnancies	 and	 the	 surge	 in	 microcephaly	 cases	 among	 newborns	 in	 epidemic	
regions.	A	prospective	study	from	Rio	de	Janeiro	suggests	that	there	is	a	29%	chance	
of	CZVS	–	including	fetal	growth	restriction,	CNS	complications,	and/or	fetal	demise	




examination	 of	 affected	 infants	 and	 fetuses	 have	 found	malformations	 of	 cortical	








signaling	 response	 (Miner	 et	 al.,	 2016a),	 caused	 intrauterine	 fetal	 growth	
restriction,	with	preliminary	evidence	for	increased	apoptosis.	Other	studies	where	
ZIKV	 was	 injected	 into	 the	 lateral	 ventricle	 of	 embryonic	 brains	 revealed	
subsequent	 ZIKV	 infection	 of	 the	 neocortex,	 expression	 of	 cleaved-caspase	 3,	 and	
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impairments	in	RGP	proliferation	(Li	et	al.,	2016b;	Shao	et	al.,	2016).	Other	reports	
of	ZIKV	 infection	 in	 the	developing	mouse	brain	argue	 that	 there	 is	no	 increase	 in	
apoptosis	 (Brault	 et	 al.,	 2016;	 Retallack	 et	 al.,	 2016)	 and	 CZVS	 is	more	 likely	 the	
result	of	 impairments	 in	RGP	proliferation.	Vaginal	exposure	to	ZIKV	leads	to	viral	
replication	 in	 the	vaginal	 tract	of	both	wild-type	and	 immunocompetent	mice,	and	
solely	vaginal	exposure	permits	for	ZIKV	transmission	to	fetuses	in	pregnant	mice,	
resulting	in	CZVS-like	symptoms	in	embryos	(Yockey	et	al.,	2016).	
	 Mouse	 models	 have	 also	 begun	 to	 investigate	 other	 sequelae	 of	 ZIKV	
infection.	The	virus	can	invade	and	remain	in	other	immune-privileged	sites,	such	as	
the	eye	(Miner	et	al.,	2016b)	and	testes	(Govero	et	al.,	2016),	 though	this	has	only	
been	 found	 to	 occur	 in	 immunocompromised	 mice	 lacking	 interferon	 signaling.	
Notably,	virus	has	been	found	in	the	semen	of	human	patients	up	to	60	days	post-
infection	 (Venturi	 et	 al.,	 2016),	 suggesting	 an	 ability	 of	 the	 virus	 to	 persist	 in	
immune-privileged	 locations.	Although	 the	mice	with	persistent	ZIKV	 in	 the	 testes	
suffered	 damage	 to	 the	 tissue	 beyond	 the	 blood-testes	 barrier,	 they	were	 able	 to	
mate	 with	 non-infected	 females,	 none	 of	 whom	 became	 infected	 (Govero	 et	 al.,	
2016).	
	 These	studies	provide	the	basis	for	understanding	the	pathogenesis	of	ZIKV,	
though	 the	 varying	 genetic	 backgrounds	 of	 mice,	 developmental	 time	 windows	
analyzed,	and	 isolates	of	ZIKV	used	all	contribute	 to	great	uncertainties	 in	what	 is	
known	about	ZIKV	infection	and	the	ability	of	the	virus	to	cause	microcephaly.	Using	
organotypic	brain	 slices	 from	wild-type	mice,	 kept	 in	 culture	 for	up	 to	8	days,	we	
have	 investigated	 the	 ability	 of	 different	 isolates	 of	 ZIKV	 to	 infect	 and	 replicate.	
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Additionally,	 we	 can	 examine	 the	 variability	 of	 the	 virus	 isolates	 across	 different	
embryonic	 stages.	We	have	 found	 that	nearly	all	 isolates	of	ZIKV	replicate	 in	mid-	






mouse	 brain	 tissue,	 despite	 replicating	 in	 non-neuronal	 tissue.	 This	 block	 can	 be	
overcome	 by	 deproteinating	 this	 isolate	 and	 introducing	 the	 viral	 RNA	 into	 the	
RGPs,	which	 then	 allows	 for	 a	 one-time	 replication	 event.	 There	 are	 four	putative	
amino	 acid	 substitutions	 in	 the	 envelope	 protein	 unique	 to	 this	 Nigerian	 isolate,	
which	may	be	residues	that	determine	neurovirulence	of	ZIKV.	Almost	none	of	the	
ZIKV	 isolates	 replicate	 in	 the	 late-gestation	 tissue	 (embryonic	 day	 19),	 except	 for	
one	 recent	 isolate	 from	 Honduras	 that	 predominantly	 infects	 the	 neurons	 in	 the	
cerebral	 cortex.	 This	 may	 explain	 why	 CZVS	 is	 associated	 more	 often	 with	 ZIKV	
infection	 during	 the	 first	 or	 second	 trimesters,	 though	 recent	 cases	 of	 third	










	 To	 investigate	 the	 pathogenic	 potential	 of	 various	 isolates	 of	 ZIKV,	 a	well-
validated	organotypic	brain	slice	culture	method	(Baffet	et	al.,	2015;	Betizeau	et	al.,	
2013;	Lukaszewicz	et	al.,	2005)	was	combined	with	ZIKV	 infection.	Swiss	Webster	
mice	 were	 sacrificed	 at	 embryonic	 day	 15	 (E15),	 embryonic	 brains	 removed,	
embedded	 in	4%	agarose,	 and	 sliced	at	300µm	 thickness	 (Figure	3.1A).	The	 slices	





























infection	 (DPI)	 (Figure	 3.2A).	 The	 strongest	 fluorescent	 signal	 was	 near	 the	
ventricular	 surface,	 suggesting	 a	 predilection	 of	 the	 virus	 for	 neural	 stem	 cells,	
which	others	have	reported	in	culture	(Qian	et	al.,	2016;	Tang	et	al.,	2016).	There	is	
clear	 ZKV-E	 signal	 in	 RGP	 cells	 in	 a	 perinuclear	 pattern	 (Figure	 3.2B),	 though	
consistent	 preservation	 of	 the	 ventricular	 zone	 was	 difficult	 to	 achieve	 in	 the	
organotypic	 slices,	 and	 hence	 proliferative	 capacity	 of	 RGPs	 was	 not	 analyzed.	
Despite	the	fact	that	the	slices	are	bathed	a	solution	containing	the	virus	for	an	hour,	
ZKV-E	 immunohistochemical	 signal	 indicates	 the	 infection	 is	 not	 uniform	
throughout	the	slices	(Figure	3.2A).	ZKV-E	signal	is	distributed	in	focal	areas	and	in	
radial	 columns	 throughout	 the	 developing	 neocortex,	 and	 is	 also	 present	 in	 the	
midbrain	and	diencephalon	(Figure	3.2A).	
	 After	8	DPI	 there	 is	clear	ZIKV	 infection	across	 the	neocortex	 in	all	 isolates	
tested,	with	the	exception	of	the	Nigerian	30656	isolate,	and	this	is	reflected	in	the	
ability	of	these	isolates	to	replicate	and	generate	infectious	progeny	(Figure	3.3A-B).	
The	 30656	 isolate	 replicated,	 albeit	 poorly,	 in	 U87	 cells,	 a	 human	 primary	
glioblastoma	cell	line	(Figure	3.4A).	Staining	for	cleaved	caspase-3	(CC3)	indicates	a	



























Figure	 3.2:	 Zika	 Virus	 Infects	 Brain	 Slices	 in	 Focal	 Regions	 Including	 Radial	 Glia	
Progenitors:	(A)	Representative	rostral,	medial,	and	caudal	embryonic	day	15	slices	from	3	days	
post	infection	(DPI)	with	the	PRV	isolate,	stained	for	Zika	virus	envelope	protein	(ZKV-E).	There	is	
diffuse	 ZKV-E	 signal	 throughout	 the	 brain	 slice,	 though	 it	 occurs	 in	 focal	 areas	 and	 in	 radial	
columns.	In	the	caudal	slice	staining	around	the	proliferative	regions	is	noticeably	strong.	ZKV-E	
signal	 is	 also	 found	 throughout	 the	 neocortex	 but	 also	 throughout	 other	 areas	 of	 the	
telencephalon	and	diencephalon.	Scale	bar	is	500µm.	(B)	Radial	glia	progenitors	(RGPs)	lining	the	
lateral	 ventricle	 demonstrated	 strong	 ZKV-E	 signal	 3	 DPI.	 Staining	 was	 perinuclear	 consistent	











































3.3A).	 U87	 cells	 infected	 with	 various	 isolates	 began	 to	 show	 caspase	 3	 cleavage	
between	 days	 3	 and	 4	 by	 Western	 blot,	 with	 Asian/American	 lineage	 strains	
showing	 cleavage	 of	 caspase	 3	 earlier	 (data	 not	 shown).	 The	 delay	 in	 cleavage	 of	
caspase	3	beyond	the	third	day	post	infection	was	also	seen	with	ZIKV	infection	of	
other	 cultured	 cell	 lines	 (Offerdahl	 et	 al.,	 2016).	 Intriguingly,	 isolates	 from	 the	
Asian/American	 lineages	 induced	significantly	more	cell	death	 in	brain	slices	 than	











showed	 the	 greatest	 exponential	 increase	 in	 replication.	 The	 African	 lineages	 had	 some	
productive	plaque	 formation	at	day	 zero,	 suggesting	that	 these	virus	were	more	difficult	 to	
wash	 off	 of	 the	 slices,	 unlike	 the	 Asian/American	 lineages	 which	 washed	 off	 entirely.	 All	
plaque-forming	assay	curves	are	depicted	as	a	representative	line	for	each	condition,	though	
each	 experiment	was	 performed	 in	 at	 least	 3	 replicates	 (C)	 There	 are	 significantly	 greater	
levels	 of	 apoptosis	 in	 the	 brain	 slices	 infected	 with	 ZIKV,	 and	 a	 notable	 increase	 between	
isolates	from	the	African	and	Asian/American	lineages.	Once	again,	the	30656	isolate	did	not	
lead	 to	 increased	 apoptosis.	 (D)	 Higher	 magnification	 of	 the	 cortical	 plate	 of	 brain	 slices	
infected	 with	 the	 PRV	 isolate	 reveal	 that	 the	 majority	 of	 ZKV-E	 positive	 cells	 are	 indeed	
negative	 for	 CC3	 (91.13%	 0.132	 standard	 deviation),	 though	 there	 are	 many	 CC3	 positive	
cells	surrounding	the	ZIKV	infected	cells.	The	only	cell	in	frame	that	is	CC3-positive	and	ZKV-















column,	 and	 the	 frequency	 of	 other	 cortical	 malformations	 such	 as	 lissencephaly	
occurring	as	part	of	the	CZVS,	we	sought	to	investigate	whether	neuronal	migration	
and	 lamination	was	 impacted.	Using	ex	utero	 electroporation	of	E15	brains	with	a	
control	GFP	plasmid,	neuronal	migration	of	RGP	progeny	was	examined	across	DHK,	
FLR,	 and	Brazil	 isolates	 (Figure	 3.5A).	 ZIKV	 from	African	 and	Asian	 lineages	 both	
impaired	the	migration	of	neurons	through	the	cortical	plate	4	DPI	(Figure	3.5A-B),	
with	 many	 fewer	 neurons	 making	 it	 to	 the	 outer	 region	 of	 the	 cortical	 plate.	
Vimentin	 staining,	 to	 label	 RGP	 basal	 processes	 upon	 which	 neurons	 migrate,	
revealed	 altered	 basal	 process	morphology	 following	 infection	 (Figure	 3.5C).	 This	
was	 similar	 to	 one	 previous	 report	 in	 human	 brain	 tissue	 (Onorati	 et	 al.,	 2016).	
However,	because	of	the	large	areas	of	cell	death	and	because	of	any	effect	that	ZIKV		
Figure	3.4:	All	Zika	Virus	Isolates	Replicate	in	Cultured	Cells:	Plaque-Forming	Assay	curves	



























Figure	3.5:	Neuronal	Migration	 is	 Impaired	 in	 the	Presence	of	Zika	Virus	 Infection:	 (A)	A	
GFP	control	plasmid	(pUB-GFP)	was	electroporated	into	embryonic	day	15	mouse	brains	using	an	
ex	utero	 electroporation	 procedure,	 and	 then	 slices	were	 infected	 and	 cultured	 as	 before.	 Four	
days	post	infection	(DPI)	there	was	a	noticeable	impairment	in	the	migration	of	bipolar	neurons	


















host	 cell	 receptors,	 which	 for	 ZIKV	 are	 proposed	 to	 be	 TIM/TAM	 tyrosine	 kinase	
receptors	 (Hamel	et	 al.,	 2015).	Clathrin-mediated	endocytosis	of	 the	virus	particle	




(Pierson	 and	Diamond,	 2012).	 These	 immature	 virions	 are	 trafficked	 from	 the	ER	
through	 the	 Golgi	 and	 eventually	 undergo	 exocytosis	 to	 leave	 the	 host	 cell,	 and	
fluorescent	 intensity	 in	each	bin	over	the	whole	six	bins	was	 calculated.	Unlike	 in	Mock	 treated	
slices,	where	 there	was	 an	 accumulation	 of	 neurons	 in	 the	most	 superficial	 bin	 indicating	 that	
they	had	reached	their	terminal	location,	DHK,	Brazil,	and	FLR	treated	slices	had	significantly	less	
neurons	in	bin	1.	Additionally,	there	was	a	large	accumulation	of	electroporated	neurons	in	bin	6	
in	 the	 Brazil	 and	 FLR	 conditions.	 (D)	 Vimentin	 staining	 was	 used	 to	 mark	 the	 radial	 glia	








during	 this	 export	 process	 the	 virion	 matures	 in	 part	 through	 furin	 cleavage	 of	
premembrane	proteins	(Pierson	and	Diamond,	2012).	
	 In	 utero	 and	 ex	 utero	 electroporation	 have	 long	 been	 used	 to	 study	 brain	
development	 through	 selectively	 introduction	 of	 cDNA	 plasmids	 into	 RGP	 cells	
lining	the	ventricles	(Baffet	et	al.,	2015;	Bai	et	al.,	2003;	Imayoshi	et	al.,	2013;	Noctor	
et	 al.,	 2004).	 Since	 ZIKV	 is	 an	 ssRNA	 virus,	 electroporation	 of	 the	 nonenveloped	
genetic	information	into	RGPs	should	allow	us	to	experimentally	bypass	the	steps	of	
virion	receptor	binding,	endocytosis,	and	virion/endosome	membrane	fusion.	To	do	
this	 viral	 isolates	 were	 deproteinated,	 the	 ssRNA	 was	 injected	 into	 the	 lateral	
ventricles	 of	 E15	 embryonic	 brains,	 and	 ex	 utero	 electroporation	 was	 performed	
(Figure	3.6A).	The	organotypic	brain	slice	protocol	was	then	followed	as	in	previous	
experiments,	with	 plaque	 assay	 and	 immunohistochemical	 staining	 of	 slices	 being	
the	 experimental	 endpoints	 (Figure	 3.6A).	 Human	 rhinovirus	 16	 (HRV16),	 which	
does	 not	 infect	 murine	 or	 neuronal	 tissue,	 as	 well	 as	 ZIKV	 ssRNA	 treated	 with	
RNAase	were	used	as	negative	controls.	
	 Four	 days	 after	 electroporation	 there	 was	 robust	 replication	 of	 the	 PRV	
isolate	 and	 the	 30656	 isolate	 (Figure	 3.6D),	 though	 the	 30656	 isolate	 replication	
plateaued	 after	 3	 days,	 which	 suggests	 that	 the	 virions	 generated	 after	 ssRNA	
electroporation	 could	 not	 go	 on	 to	 re-infect	 the	 brain	 slice.	 This	 technique	 also	
allowed	 for	 viral	 spread	 to	 be	 more	 closely	 monitored,	 since	 the	 injection	 and	
placement	of	 the	electrode	paddles	determines	where	 infection	will	originate.	The	




































ventricle,	 as	 seen	 by	 labeling	with	 the	 pUB-GFP	 fluorescent	 plasmid	 that	was	 co-
injected	with	ssRNA	(Figure	3.6B-C).	ZKV-E	signal	did	not	completely	overlap	with	
the	 pUB-GFP	 fluorescence,	 indicating	 some	 spread	 of	 the	 virus	 especially	 in	 the	
dorsomedial	direction	 (Figure	3.6B-C).	 Interestingly,	 in	 the	original	 ZIKV	 infection	
protocol	 the	 most	 dorsal	 and	 ventral	 aspects	 of	 the	 neocortex	 often	 had	 the	
strongest	ZKV-E	signal	(Figure	3.2A),	though	it	is	unclear	why	the	virus	may	have	a	




	 Examination	 of	 the	 brain	 slices	 8	 days	 after	 electroporation	 revealed	
increases	 in	 apoptosis	 within	 the	 ZKV-E	 positive	 regions,	 but	 not	 throughout	 the	
brain	 slices,	 consistent	 with	 local	 infection	 triggering	 cell	 death	 (Figure	 3.6E-F).	
Interestingly,	 the	 electroporation	 of	 30656	 ssRNA	 triggered	 a	 level	 of	 apoptosis	
close	 to	 the	 PRV	 ssRNA	 (Figure	 3.6E-F).	 None	 of	 the	 slices	 electroporated	 with	
lates	 were	 deproteinated	 and	 the	 single-stranded	 positive	 RNA	 (ssRNA)	 was	 injected	 into	 the	
lateral	 ventricle	 of	 embryos	 ex	 utero,	 electroporated,	 and	 brain	 slices	 then	 generated	 in	
accordance	with	the	previous	protocol	 (Figure	3.1A).	(B)	 Example	of	whole-brain	 staining	from	
electroporation	of	PRV	ssRNA.	Zika-virus	envelope	(ZKV-E)	protein	signal	was	very	strong	in	the	
dorsomedial	region	of	 the	electroporated	hemisphere,	which	was	marked	by	co-electroporation	
of	 a	 GFP	 plasmid	 (pUB-GFP).	 (B’)	 Notably	 the	 ZKV-E	 signal	 also	 extended	 to	 the	 contralateral	
hemisphere,	 where	 there	 was	 no	 pUB-GFP	 signal	 present.	 (C)	 Plaque-forming	 units	 from	
electroporation	of	PRV	or	30656	ssRNA	demonstrates	that	both	strains	could	replicate	efficiently,	
though	 the	 30656	 strain	 plateaued	 after	 4	 days	 post-electroporation.	 There	 was	 no	 viral	
replication	when	each	 ssRNA	was	 treated	with	 RNAase,	or	with	 ssRNA	 for	 a	 human	 rhinovirus	
(HRV16)	 that	does	not	 replicate	 in	mouse	neuronal	 tissue.	 (D-E)	 Electroporation	of	 the	PRV	or	
30656	 ssRNA	 led	 to	 significant	 increases	 in	 apoptosis,	 measured	 by	 cleaved-caspase	 3	 (CC3)	
staining.	There	was	no	corresponding	increase	of	CC3	in	the	contralateral	hemisphere	(excluding	
the	 dorsomedial	 region	 where	 there	 were	 some	 ZKV-E	 positive	 cells)	 of	 PRV	 ssRNA	









	 Epidemiological	 studies	 have	 indicated	 that	 the	 greatest	 risk	 of	 fetal	
complications	from	ZIKV	infection	are	during	the	first	and	second	trimester	(Brasil	
et	 al.,	 2016;	 Pacheco	 et	 al.,	 2016),	 though	 recent	 reports	 have	 indicated	 that	
complications	 in	 pregnancy	 may	 occur	 as	 late	 as	 in	 the	 36th	 week	 of	 gestation	
(Soares	de	Souza	et	al.,	2016),	and	secondary	microcephaly	may	occur	after	birth	in	
previously	non-microcephalic	children	(Moura	da	Silva	et	al.,	2016;	van	der	Linden	
et	 al.,	 2016).	 No	 studies	 have	 yet	 been	 able	 to	 systematically	 investigate	 the	
potential	 of	 ZIKV	 to	 infect	 embryonic	 neuronal	 tissue	 across	 various	 gestation	
periods,	 but	 using	 organotypic	 slice	 culture	 we	 can	 easily	 test	 the	 infectious	





Late-gestation	 embryonic	 tissue	 was	 examined	 by	 culturing	 brain	 slices	
derived	 from	 E19	 embryos.	 No	 ZIKV	 isolates	 were	 able	 to	 replicate	 after	 8	 DPI,	
except	for	a	recent	isolate	from	Honduras	(Figure	3.8B).	In	accordance	with	this,	no	




























infection	 (DPI),	 and	 stained	 for	 Zika	virus	 envelope	protein	 (ZKV-E).	 There	were	 focal	 areas	of	




























Figure	 3.8:	 Only	 the	 Honduran	 Isolate	 Infects	 and	 Replicates	 in	 Late	Gestation	Neuronal	
Tissue:	(A)	None	of	the	Zika	virus	isolates	tested	replicated	in	embryonic	day	(E19)	brain	slices	
except	for	the	Honduran	isolate,	which	was	the	most	recently	isolated	condition	tested.	(B)	Brain	































virus	 envelope	 protein	 (ZKV-E)	 and	 cleaved-caspase	 3	 (CC3).	 (B)	 There	 was	 a	 demonstrative	
increase	in	CC3	staining	in	areas	of	ZKV-E	staining	after	infection	with	the	Honduran	isolate.	(C)	
Nearly	all	ZKV-E	positive	cells	in	the	superficial	layers	of	the	neocortex	stained	positive	for	Cux1,	



















	 The	 past	 decade	 has	 seen	 the	 rapid	 spread	 of	 ZIKV	 through	 much	 of	 the	




2016),	 but	 the	 full	 extent	 of	 CZVS	 is	 just	 beginning	 to	 emerge	 as	 an	 increasing	
number	 of	 children	 are	 born	with	malformations	 of	 cortical	 development	 beyond	
microcephaly	(Soares	de	Oliveira-Szejnfeld	et	al.,	2016;	Štrafela	et	al.,	2016).	Various	









of	 Zika	 virus	 envelope	
protein	(ZKV-E)	in	an	E15	
brain	 slice	 8	 days	 post	
infection	 (DPI)	 with	 the	
Honduran	 isolate.	 There	
does	 not	 appear	 to	 be	 a	
restriction	 of	 the	 ZKV-E	




There	 is	 an	 increase	 in	
apoptosis	 in	 E15	 brain	
slices	 infected	 with	 the	
Honduran	isolate.	Mock		






has	 been	 difficult	 to	 reconcile	 and	 compare	 across	 the	 reports	 with	 different	
findings.	 Here	 we	 have	 used	 organotypic	 brain	 slices	 from	 immunocompetent	
embryonic	mice	to	systematically	investigate	the	ability	of	different	isolates	of	ZIKV	
to	 infect,	 replicate,	 and	 damage	 the	 developing	 brain.	 All	 isolates	 of	 ZIKV	 tested	
replicated	 in	 E13	 and	 E15	 brain	 tissue	 and	 led	 to	 extensive	 cell	 death,	 with	 the	
exception	of	the	Nigerian	30656	isolate	that	was	obtained	in	1968.	This	isolate	was	
able	 to	 replicate	 in	neuronal	 tissue	when	 its	 ssRNA	was	electroporated	 into	RGPs,	
suggesting	a	defect	in	virion	entry	into	the	host	cell.	Notably	no	isolates	were	able	to	
replicate	 in	 late	 gestation	 tissue,	 except	 for	 the	 most	 recent	 isolate	 tested	 from	
Honduras.	This	Honduran	 isolate	preferentially	 infected	neurons	 in	 the	neocortex,	
and	retained	the	capacity	to	 infect	and	replicate	 in	E15	brain	tissue	as	well.	These	
results	expand	our	understanding	of	 the	pathogenesis	of	malformations	of	cortical	
development	 caused	 by	 various	 circulating	 isolates	 of	 ZIKV,	 and	 the	 importance	
infection	timing	during	pregnancy.	
	 Many	 of	 the	 animal	 models	 used	 to	 study	 ZIKV	 infection	 rely	 on	
immunocompromised	mice	in	which	interferon	signaling	is	impaired	(Govero	et	al.,	
2016;	Lazear	and	Diamond,	2016;	Miner	et	al.,	2016a;	2016b).	Blocking	the	 innate	
immune	system,	but	not	 the	adaptive	 immune	system,	 facilitates	ZIKV	 infection	of	
adult	mice	(Lazear	and	Diamond,	2016),	though	injection	of	the	virus	into	the	lateral	
ventricle	 of	 immunocompetent	 ICR	 strain	mice	 permitted	 viral	 infection	 (Li	 et	 al.,	





viral	RNA	 levels	or	viral	protein	(such	as	ZKV-E)	 levels.	These	results	suggest	 that	
once	most	isolates	of	ZIKV	reach	the	early-	and	mid-gestation	embryonic	brain,	they	
will	be	able	to	replicate	efficiently	and	productively.	
	 One	 of	 the	most	 striking	 effects	 of	 ZIKV	 infection	 seen	 in	 our	 slice	 culture	
technique	 is	 the	 widespread	 cell	 death	 across	 ZIKV	 isolate	 infection.	 All	 ZIKV	
isolates	that	infected	brain	tissue	lead	to	increased	apoptosis,	though	isolates	of	the	
Asian/American	 lineages	 –	 including	 isolates	 from	 Malaysia,	 Brazil,	 Columbia,		
Puerto	 Rico,	 and	 Honduras	 –	 appeared	 to	 cause	 an	 even	 greater	 increase	 in	
apoptosis	 than	 isolates	 from	the	African	 lineage.	There	 is	one	other	report	 that	an	
isolate	 from	 Cambodia	 caused	 increased	 p53	 activation	 compared	 to	 the	 MR766	
strain,	as	measured	by	RNA	sequencing	of	infected	cell	culture	(Zhang	et	al.,	2016).	
This	 increase	 in	apoptosis	among	the	 isolates	of	the	Asian	lineage	may	explain	the	
increase	 in	microcephaly	and	CZVS	seen	during	 the	 recent	outbreak,	 though	 there	
are	many	other	possible	causes	for	this.		Our	study	was	not	able	to	examine	how	the	
virus	may	reach	the	embryonic	brain	after	the	mother	is	infected,	which	is	another	
critical	 component	 of	 how	 isolates	may	 have	mutated	 to	 cause	 increased	 disease	
burden	(Lessler	et	al.,	2016).	Other	potential	explanations	include	a	faster	and	more	
virulent	 spread	 of	 ZIKV	 due	 to	 mutations	 effecting	 its	 lifecycle	 in	 the	 mosquito,	
unique	 human	 genetics	 among	 the	 populations	 effected	 by	 the	 epidemics,	 or	
synergistic	 interactions	 of	 preexisting	 immunity	 to	 other	 flaviviruses	 in	
predisposing	 patients	 to	 severe	 complications	 from	 ZIKV	 infection	 (Lessler	 et	 al.,	
2016).	
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	 In	 addition	 to	 the	 increase	 in	 apoptosis	 there	was	 the	peculiar	 finding	 that	
the	majority	 of	 cells	 positive	 for	 ZKV-E	were	 not	 positive	 for	 CC3.	 This	 culling	 of	
apparently	 non-ZIKV	 infected	 cells	 suggests	 that	 either	 the	 ZKV-E	 signal	 in	 these	
dying	cells	is	too	low	to	be	visualized	by	immunohistochemistry,	or	that	the	infected	
cells	 are	 releasing	 some	 cytokine	 to	 induce	 apoptosis	 in	 neighboring	 cells.	 We	
looked	at	 cleaved-caspase	8	 (CC8)	activation,	which	 is	 cleaved	 in	 response	 to	TNF	
signaling	 as	 it	 triggers	 the	 extrinsic	 apoptosis	 pathway,	 though	 there	 was	 no	
immunohistochemical	 signal	 in	 brain	 slices,	 and	 western	 blot	 of	 U87	 cell	 lysate	
showed	no	cleavage	of	caspase	8	(data	not	shown).	These	data	do	not	rule	out	that	
the	CC3	activation	in	cells	surrounding	ZKV-E	positive	cells	are	dying	in	response	to	




cytoarchitecture	 of	 the	 ventricular	 zone	 over	 long	 periods	 in	 culture	 prevents	 us	
from	 assessing	 the	 impact	 of	 ZIKV	 on	 RGP	 proliferation.	 Other	 reports	 of	
intraventricular	 injection	 or	 infection	 of	 brain	 organoids	 with	 ZIKV	 have	 all	
suggested	that	there	is	a	decrease	in	the	mitotic	index	of	RGPs	(Li	et	al.,	2016b;	Qian	






or	 the	 initiation	of	 in	vivo	 studies	 involving	 lateral	ventricle	 injections	of	ZIKV,	we	
will	 be	 able	 to	 investigate	 the	 impact	 of	 various	 isolates	 on	 RGP	 proliferative	
capacity.	
The	 cortical	 malformations	 associated	 with	 CZVS	 extend	 beyond	
microcephaly	 to	 include	 lissencephaly,	 pachygyria	 (too	 few	gyrations),	 subcortical	
calcifications,	and	ventriculomegaly	(an	expansion	of	the	ventricular	space)	(Soares	
de	Oliveira-Szejnfeld	et	al.,	2016;	Štrafela	et	al.,	2016).	Subcortical	calcifications	are	
long-term,	 nonspecific	 pathological	 changes	 to	 tissue	 resulting	 from	 damage,	 and	
these	pathological	 changes	and	 the	microcephaly	are	 likely	 explained	by	 the	 large	
increase	in	apoptosis	following	ZIKV	infection.	Through	electroporation	of	an	empty	
GFP	 vector	 prior	 to	 slice	 culture,	 we	 also	 found	 that	 neuronal	 migration	 was	
impaired	 by	 ZIKV	 infection.	 RGP	 basal	 processes	 serve	 as	 ladders	 upon	 which	
neurons	migrate	to	their	final	locations	in	the	cortical	plate,	and	vimentin	staining	of	
RGP	basal	processes	 following	ZIKV	 infection	 indicated	gross	disruption.	A	similar	
aberrant	vimentin	staining	was	seen	in	human	brain	tissue	following	ZIKV	infection	
(Onorati	 et	 al.,	 2016).	 Since	 RGP	 basal	 processes	 are	 required	 for	 neuronal	
migration,	 these	 impairments	 to	 their	 structure	 may	 contribute	 to	 the	 neuronal	
migration	defects,	potentially	leading	to	cortical	lamination	defects	(Barkovich	et	al.,	
2012),	 though	 these	 impairments	 in	 neuronal	 migration	 could	 also	 be	 due	 to	
increased	 apoptosis	 throughout	 the	 brain,	 or	 ZIKV	 infection	 intrinsic	 to	 the	
migrating	neurons.	
An	unexpected	finding	was	that	not	all	ZIKV	isolates	were	neurovirulent.	One	
of	 the	 older	 isolates	 examined,	 from	 a	 human	 patient	 in	 Nigeria	 in	 1968,	 did	 not	
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replicate	 or	 infect	 neuronal	 tissue	 or	 cells.	 It	 was	 capable	 of	 replicating	 in	 non-
neuronal	cells	and	U87	cells	 in	culture,	and	 intriguingly,	 the	electroporation	of	 the	
genetic	material	from	deproteinated	virus	permitted	for	its	infection	and	one-phase	
replication.	 This	 suggests	 that	 there	 is	 something	 intrinsically	 different	 about	 the	
30656	isolate	that	prevents	either:	1)	it’s	binding	to	the	putative	host	cell	receptor,	
2)	 the	 ability	 of	 the	 host	 cell	 to	 endocytose	 it,	 or	 3)	 the	 fusion	 of	 the	 endosome	
membrane	with	the	virion	membrane	(Figure	3.11).	Analysis	of	the	isolate	genomes	
reveals	 four	 amino	 acid	 substitutions	 in	 the	 viral	 envelope	 protein	 unique	 to	 the	
30656	isolate.	Two	of	these	amino	acid	substitutions	–	a	serine	in	place	of	an	alanine	
at	position	214,	and	a	glutamic	acid	in	place	of	a	glycine	at	219	–	are	very	close	to	
each	 other	 and	 change	 the	 hydrophobic	 nature	 of	 that	 part	 of	 the	 protein.	 The	
generation	 of	 infectious	 clones	 from	 the	 30656	 isolate	 (the	 ZIKV	 genome	 is	
approximately	10.7kb)	will	allow	us	to	investigate	if	these	residues	indeed	do	confer	
neurovirulence	to	ZIKV.	


































Zika	 virus	 (ZIKV)	 replication	 cycle	 in	 radial	 glia	 progenitors	 (RGPs),	 largely	 based	 on	 what	 is	
known	 of	 the	 replication	 cycle	 for	 other	 flaviviruses.	 Neuronal	 infection	 of	 the	Nigerian	 30656	
isolate	does	not	produce	 infectious	particles	unless	the	RNA	genome	 is	directly	 introduced	into	







examine	 the	 propensity	 of	 the	 virus	 to	 infect	 and	 replicate	 in	 neural	 tissue	 from	
different	 gestation	 periods.	 While	 all	 ZIKV	 isolates	 other	 than	 the	 30656	 isolate	
infected	and	replicated	in	E13	and	E15	tissue	(corresponding	to	late-first	trimester	
and	 early-second	 trimester	 neocortical	 development	 in	 humans),	 only	 the	 most	
recently	isolated	ZIKV	sample	–	an	isolate	from	Honduras	from	2016	–	infected	and	
replicated	 in	 E19	 tissue.	 The	 ZKV-E	 signal	 from	 the	Honduran	 isolate	was	 largely	
restricted	 to	 the	 neocortex,	 which	 suggested	 that	 the	 isolate	 had	 a	 propensity	 to	
infect	 neurons.	 Though	 there	 are	 still	 RGPs	 present	 in	 E19	 slices,	 after	 8	 days	 in	
culture	 the	RGPs	have	only	been	producing	astrocytes	 for	a	 few	days,	and	are	 just	
beginning	 to	 produce	 oligodendrocytes	 (Kriegstein	 and	 Alvarez-Buylla,	 2009).	
Therefore	 the	majority	of	 the	cells	 in	 the	developing	neocortex	are	expected	 to	be	
young	neurons,	and	 this	was	confirmed	by	 the	overlap	of	Cux1	with	ZKV-E	 in	 this	
region.	Unlike	the	30656	isolate,	there	are	no	overt,	unique	mutations	in	the	coding	
region	of	the	RNA	of	the	Hondoran	isolate,	though	there	is	considerable	variation	in	
the	 5’	 and	 3’	 UTR.	 These	 regions	 often	 vary	 among	 ZIKV	 isolates,	 and	 increasing	
evidence	 has	 shown	 that	 untranslated	 regions	 can	 play	 prominent	 roles	 in	
determining	neurovirulence	(Butrapet	et	al.,	2000;	Evans	et	al.,	1985;	Gromowski	et	
al.,	2015).	
	 All	 together	 it	 becomes	 evident	 that	 various	 isolates	 of	 ZIKV	 behave	
differently.	 Nearly	 all	 isolates	 infected	 and	 replicated	 in	 early-	 and	mid-gestation	
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embryonic	 tissue,	 though	 only	 one	 replicated	 in	 late-gestation	 tissue.	 The	
Asian/American	lineage	isolates	led	to	greater	levels	of	apoptosis,	particularly	of	the	
cells	neighboring	 infected	cells,	 than	 the	African	 lineage	 isolates.	Furthermore,	 the	






















Brail	 Slice	 Preparation	 and	 Culture:	 Timed	pregnant	 Swiss	Webster	mice	were	
purchased	from	Taconic	Labs	at	ages	E13,	E15,	E17	and	E19;	E1	was	defined	as	the	
day	 of	 confirmation	 of	 sperm-positive	 vaginal	 plug.	 Mice	 were	 sacrificed	 and	
embryos	 were	 harvested.	 Fetal	 brains	 were	 dissected	 into	 ice-cold	 artificial	
cerebrospinal	fluid	(ACSF)	consisting	of	125mM	NaCl,	5mM	KCl,	1.25mM	NaH2PO4,	
1mM	MgSO4,	2mM	CaCl2,	25mM	NaHCO3,	and	20mM	glucose,	pH7.4,	310	mOsm1-1.	
Brains	 were	 embedded	 in	 4%	 low	 melting	 point	 agarose	 dissolved	 in	 ACSF	 and	
sliced	 into	 300mm	 coronal	 sections	 using	 a	 vibratome	 (Zeiss).	 Slices	 were	 then	
transferred	to	Millicell-CM	filter-paper	inserts	(Millipore;	0.4mm,	30mm	diameter),	




Zika	Virus	 Stocks:	 Zika	 viruses	 (ZIKV)	 used	 include:	MR766	(Ugandan	origin),	
DAK	(Senegal),	IbH30656	(Nigerian),	FLR	(Colombia),	PRVABC59	(Puerto	Rico)	and	
R103451	 (Honduras),	 and	 P-6740	 (Malaysia)	 were	 obtained	 from	 BEI	 Resources.	




with	 105	 pfu	 of	 ZV	 isolates:	 MR766	 African,	 DHK	 Senegal,	 Nigerian	 IbH	 30656,	
Brazilian,	 FLR,	 PRVABC59,	 P	 6-740	Malaysia,	 and	 R103451	 Honduras,	 poliovirus	
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(P1/Mahoney)	or	encephalomyocarditis	virus	(EMCV).	Virus	inoculum	was	added	to	





Immunohistochemistry:	 Either	 3,	 4,	 or	 8	 days	 post	 infection,	 the	 medium	 was	
removed	 from	 Zika	 virus	 infected	 or	 uninfected	 organotypic	 brain	 slices	 cultures	
and	 the	 cultures	 were	 placed	 for	 2hrs	 in	 4%	 paraformaldehyde	 (PFA)	 fixative	
dissolved	 in	 1X	 PBS	 at	 room	 temperature.	 Following	 fixation,	 slices	were	washed	
3x5min	in	1X	PBS,	and	were	incubated	in	blocking	solution	of	PBS,	0.3%	Triton	X-
100	 and	 3%	 donkey	 serum.	 Slices	 were	 incubated	 overnight	 at	 4	 °C	 in	 blocking	
solution	containing	appropriate	primary	antibodies.	Sections	were	washed	3x5min	
in	 1X	 PBS,	 and	 incubated	 with	 fluorophore-conjugated	 secondary	 antibodies	 in	
blocking	solution.	Sections	were	washed	3x5min	in	1X	PBS,	and	mounted	on	slides	
using	Aqua-Poly/Mount	(Polysciences,	Inc).	
Ex-utero	 electroporation:	 Plasmids	 and	 isolated	 viral	 encoding	 RNA	 were	




of	 electrical	 current	 (50V,	 5ms	 each,	 with	 1s	 intervals)	 were	 applied	 by	 directly	
placing	electrodes	on	 the	outer	surface	of	 the	embryonic	head,	with	 the	positively	
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charged	paddle	placed	at	the	dorsolateral	aspect	of	the	head	on	the	ipsilateral	side	
of	 injection.	 Brain	 slices	were	 generated	 following	 transfection	 and	 cultures	were	
maintained	 up	 to	 8	 days	 post	 electroporation.	 Viral	 titers	 were	 determined	 by	
plaque	assay.	An	ubiquitin-promoter	GFP	was	used	as	an	empty	vector	(obtained	on	
Addgene	 from	 the	 laboratory	of	Connie	Cepko)	 to	 assay	neuronal	migration,	 or	 in	
combination	with	viral-RNA	to	label	the	electroporation.	
Isolation	of	viral	RNA:	Supernatants	from	virus-infected	cells	were	centrifuged	in	
an	 SW41	 rotor	 (Beckman)	 for	 2h	 at	 40,000	 rpm.	 The	 pellet	 was	 resuspended	 in	
DMEM	and	 viral	RNA	was	 isolated	using	TRIzol	 reagent	 (Invitrogen)	 according	 to	
the	manufacturer’s	protocol.	Isolated	viral	RNA	was	treated	with	RNAase	for	1hr	at	
37˚C	for	control	conditions.		
Cell	 culture:	 Vero	 cells	 were	 grown	 in	 Dulbecco’s	 modified	 Eagle	 medium	
(Invitrogen,	 Carlsbad,	 CA),	 10%	 fetal	 calf	 serum	 (HyClone,	 Logan,	 UT),	 and	 1%	
penicillin-streptomycin	 (Invitrogen).	 U-87	 MG	 (human	 glioblastoma,	 ATCC)	 cells	
were	grown	in	Dulbecco’s	modified	Eagle	medium	(Invitrogen,	Carlsbad,	CA),	10%	
fetal	calf	serum	(HyClone,	Logan,	UT),	and	1%	penicillin-streptomycin	(Invitrogen).	
Plaque	 assay:	 Vero	 cells	 were	 seeded	 on	 60mm	 plates	 for	 approximately	 70%	
confluence	 at	 the	 time	 of	 plaquing.	 Next,	 100l	 portions	 of	 serial	 10-fold	 virus	
dilutions	were	incubated	with	cells	for	1	h	at	37	°C.	Two	overlays	were	added	to	the	
infected	cells.	The	first	overlay	consisted	of	2	ml	of	1	DMEM,	0.8%	Noble	agar,	0.1%	
bovine	 serum	 albumin,	 40	 mM	 MgCl2,	 and	 10%	 bovine	 calf	 serum.	 After	
solidification,	 a	 second	 liquid	 overlay	was	 added	 that	was	 composed	 of	 1	 DMEM,	




Antibodies:	 Antibodies	 used	 in	 this	 study	 were	 mouse	 monoclonal	 against	 E	
glycoprotein	 (Millipore,	 MAB	 10216,	 1:250	 dilution),	 rabbit	 polyclonal	 against	
CDP/Cux1	(Santa-Cruz,	SC-1302,	1:1000	dilution),	cleaved	caspase	3	(Cell	Signaling,	
9661,	 1:500	 dilution),	 cleaved	 caspase	 8	 (Cell	 Signaling,	 8592,	 1:100	 dilution),	
cleaved	caspase	9		(Cell	Signaling,	9509,	1:500	dilution),	Pax6	(Covance,	PRB-278P,	
1:500	 dilution),	 Tbr1	 (Abcam,	 ab31940,	 1:500	 dilution),	 and	 chicken	 polyclonal	
against	 vimentin	 (Millipore,	 AB5733,	 1:1000	 dilution).	 Donkey	 fluorophore-
conjugated	secondary	antibodies	(Jackson	Labs,	1:500	dilution)	were	used	together	
with	 DAPI	 (4’,6-diamidino-2-phenylindole,	 Thermo	 Scientific,	 62248,	 1:1,000	
dilution).	
Imaging,	Quantification,	and	Statistical	Analysis:	All	images	were	collected	with	
an	 IX80	 laser	 scanning	 confocal	 microscope	 (Olympus	 FV100	 Spectral	 Confocal	
System).	Brain	sections	were	imaged	using	a	60x	1.42	N.A.	oil	objective	or	a	10x	0.40	
N.A.	 air	 objective.	 	 All	 drawings	 were	 composed	 using	 Inkscape	 open	 source	
software.	 All	 images	 were	 analyzed	 using	 ImageJ	 software	 (NIH,	 Bethesda,	 MD).	
Apoptotic	 index	 and	 neuronal	 migration	 analysis	 was	 performed	 using	 this	
software.	Apoptotic	index	was	quantified	by	defining	and	measuring	a	region	of	viral	
infection	 in	 a	 single	 z-plane	 and	 counting	 the	 number	 of	 cleaved-caspase	 positive	
cells	in	that	region.	Neuronal	migration	was	quantified	by	converting	the	GFP	signal	
on	 an	 entire	 slice	 into	 grayscale,	 isolating	 an	 evenly	 electroporated	 region	 of	 the	
cortical	plate	 (defined	based	on	Tbr1	positivity)	 that	overlapped	with	viral	 signal,	
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dividing	 that	 region	 into	 six	 bins	 of	 equal	 area,	 and	 measuring	 the	 fluorescent	
intensity	of	GFP	signal	across	each	bin.	For	apoptotic	index	and	neuronal	migration	
assays,	 at	 least	 3	 slices	 were	 quantified	 from	 3	 separate	 replicates	 of	 the	 same	
experiment.	All	statistical	analysis	was	performed	using	Prism	(GraphPad	Software,	
La	 Jolla,	CA,	USA).	Unpaired	 t-tests	were	used	 for	 comparison	of	 apoptotic	 indices	
and	neuronal	migration	bin	 fluorescent	 intensity.	For	all	analyses	significance	was	
accepted	at	the	level	of	p<0.05.	The	ROUT	method	was	used	to	identify	any	outliers,	
none	 of	 which	 were	 found	 across	 the	 conditions.	 For	 plaque-forming	 assay	
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an	 example	 of	 how	 careful	 dissection	 of	 a	 genetic	 form	 of	 an	 MCD	 –	 NDE1	
microlissencephaly	–	can	enhance	our	understanding	of	elemental	cell	biology	while	
providing	 a	working	model	 system	 to	 understand	 an	 emerging	 infectious	 disease	
outbreak.	 	This	 chapter	discusses	how	 the	3	 roles	 for	Nde1	discussed	at	 length	 in	
Chapter	2	have	broader	implications	for	cellular	processes	such	as	ciliary	regulation,	
and	apical	INM	in	correct	brain	development	and	cell	cycle	progression.	Additionally	
the	 preliminary	 evidence	 for	 phosphorylation	 of	 Nde1	 and	 its	 implications	 for	
diseases	 such	 as	 schizophrenia	 are	 discussed.	 We	 further	 elaborate	 on	 how	 our	









2008).	 The	 primary	 cilia	 participates	 primarily	 in	 sonic	 hedgehog	 (Shh)	 signaling	
through	the	Smoothened	and	Gli	pathways	(Huangfu	et	al.,	2003),	 though	it	 is	also	
capable	of	Notch	 signaling	 (Ezratty	 et	 al.,	 2011).	During	 cell	 cycle	progression	 the	
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primary	cilia	emerges	off	of	 the	basal	body	of	 the	centrosome,	growing	during	G1,	
and	 initiating	 resorption	at	 the	G1-to-S	border	 so	 that	 it	 is	 resorbed	 throughout	S	
and	G2	phases,	being	completely	resorbed	by	the	onset	of	mitosis	(Han	and	Alvarez-
Buylla,	 2010;	 Paridaen	 et	 al.,	 2013).	 Intraflagellar	 transport	 (IFT)	 proteins	 are	
required	 for	 anterograde	 and	 retrograde	 transport	 along	 the	microtubules	 in	 the	
primary	cilia	to	facilitate	signaling.	The	genes	encoding	these	IFT	proteins,	such	as	
Ift88,	 were	 some	 of	 the	 first	 ciliary	 genes	 to	 be	 associated	 with	 neuronal	
development	 abnormalities	 when	 mutated	 (Han	 and	 Alvarez-Buylla,	 2010).	
Crucially,	 all	 of	 the	 neurodevelopment	 abnormalities	 occurred	 with	 mutations	
resulting	in	hypomorphic	forms	of	these	proteins.	This	is	critical	because	it	was	later	
found	 that	 complete	 knockout	 of	 these	 proteins,	 such	 as	 Ift88	 or	Kif3a	knockout,	
blocked	the	primary	cilia	from	ever	forming	and	brain	development	was	mostly	fine	
(Insolera	et	al.,	2014;	Tong	et	al.,	2014).	Knockout	of	other,	more	auxiliary	primary	






	 At	 this	 point	 it	 becomes	 critical	 to	 distinguish	 between	 absence	 and	
dysfunction.	 The	 multiple	 human	 ciliopathies	 where	 patients	 present	 with	
intellectual	disability	and	neurodevelopmental	delays,	 including	 Joubert	 syndrome	




primary	 cilia,	 as	 seen	by	 ciliary	 lengthening	with	RNAi	 to	Nde1/Ndel1,	 does	 block	
RGPs	in	G1.	This	is	consistent	with	interference	of	either	Nde1	or	Ndel1	leading	to	
blocks	 in	G1-to-S	 transition	 in	other	 systems	 (Izawa	et	 al.,	 2015;	Kim	et	 al.,	 2011;	
Maskey	et	al.,	2015).	Though	there	are	many	other	primary	cilia	genes	that	lead	to	
ciliopathies	with	 neuronal	 pathology	when	mutated	 in	 humans	 (Guo	 et	 al.,	 2015),	
only	interference	with	TcTex	recapitulated	the	G1	accumulation	of	RGPs	seen	with	
Nde1/Ndel1	 RNAi	 (Li	 et	 al.,	 2011).	 A	 partial	 explanation	 is	 that	 interference	with	
other	primary	cilia	genes,	such	as	Bub1B,	Kif7,	and	Ift80,	 lowered	the	mitotic	index	
of	RGPs,	 but	 a	 further	mechanism	was	never	 examined,	 and	 the	 genes	 could	 very	
well	act	through	a	G1-to-S	phase	mechanism	(Guo	et	al.,	2015).	
	 The	 exact	 role	 for	 Nde1	 or	 Ndel1	 at	 the	 primary	 cilia	 remains	 unresolved,	
though	 evidence	 points	 to	 a	 potential	 role	 in	 transportation	 of	 retrograde	 ciliary	
motor	 components	 to	 the	primary	 cilia.	There	was	a	 strong	 immunohistochemical	
signal	for	Nde1/Ndel1	at	the	base	of	the	RGP	cilia,	around	the	pericentriolar	matrix,	
but	 Nde1/Ndel1	 signal	 never	 overlapped	 with	 the	 Arl13b	 signal	 in	 the	 actual	
primary	cilia.	The	Nde1/Ndel1	antibody,	as	well	as	GST-Nde1	and	GST-Ndel1,	were	
each	able	to	pull	down	the	heavy	chain	of	cytoplasmic	Dynein-2	(DYNC2H1),	which	
is	 the	sole	retrograde	motor	 in	IFT	(data	not	shown).	The	 light	 intermediate	chain	
(Lic3)	and	intermediate	chain	(Wdr34)	specific	to	Dynein-2	were	also	pulled	down	
in	 this	 experiment,	which	 suggests	 that	Nde1	or	Ndel1	 interact	with	 the	Dynein-2	




Lic3	 caused	 the	 same	 G1	 accumulation	 of	 RGPs	 as	 Nde1/Ndel1	 RNAi	 (data	 not	
shown),	suggesting	that	they	may	be	acting	through	the	mechanism	at	the	primary	
cilia.	A	single	previous	studied	examined	Dync2h1	mutations	in	mice	resulting	in	a	
missense	 mutation	 or	 premature	 truncations,	 both	 of	 which	 caused	 dorsoventral	
patterning	 defects	 in	 the	 telencephalon	 (May	 et	 al.,	 2005).	Most	 embryos	 died	 by	
E12	 of	 pericardial	 edema	 and	 heart	 failure,	 which	 prevented	 more	 extensive	






migration	 during	 G2	 (Baffet	 et	 al.,	 2015;	 Hu	 et	 al.,	 2013;	 Tsai	 et	 al.,	 2005;	 2010).	
Work	 done	 in	 cell	 culture	 and	 in	 the	 brain	 has	 indicated	 that	 there	 are	 two	
sequential	pathways	by	which	dynein	is	brought	to	the	nuclear	envelope	(reviewed	







	 There	 are	 still	 components	 of	 the	 dynein	 recruitment	 pathway	 whose	
involvement	 in	apical	 INM	requires	 further	specification.	While	Lis1	appears	 to	be	
involved	 in	both	 the	early	and	 late	pathway	 in	HeLa	cells	 (Baffet	et	al.,	2015),	 the	
effects	of	Lis1	knockdown	have	not	been	investigated	since	the	last	decade	and	are	






pathway,	 though	 it’s	 role	 in	 the	 late-G2	 pathway	 has	 yet	 to	 be	 investigated.	
Additionally,	 the	 contributions	 of	 Lic1	 and	 Lic2	 to	 apical	 INM	 have	 not	 been	
examined	in	RGPs,	providing	a	 further	means	of	dissecting	the	dynein	pathway,	as	
do	phosphorylation	studies	of	CENP-F,	Nde1,	and	Lic1/Lic2.	
	 Though	 INM-behavior	 is	 seen	 in	 the	 development	 of	 a	 variety	 of	 tissues	
across	 species	 (see	Chapter	1.2	 for	 full	 review),	 these	other	 forms	of	 INM	employ	
mainly	 actomyosin	motors	 (Meyer	 et	 al.,	 2011;	 Norden	 et	 al.,	 2009;	 Strzyz	 et	 al.,	
2015).	 There	 is	 only	 one	 report	 that	myosin	 IIb	 is	 important	 in	RGPs,	where	 it	 is	
reported	 to	be	 involved	 in	basal	 INM	while	dynein	 is	 still	 required	 for	 apical	 INM	
(Schenk	 et	 al.,	 2009).	 This	 report	 never	 examined	 movement	 of	 the	 RGP	 nuclei,	
however,	and	our	lab	has	found	no	contribution	from	myosin	IIb	during	basal	INM,	
which	is	instead	dependent	upon	the	kinesin	Kif1A	(Carabalona	et	al.,	2016;	Tsai	et	




the	neocortex	during	 late	neurogenesis	 (E18-E20	 in	 the	 rat)	 (Norden	 et	 al.,	 2009;	




the	 neocortex	 is	 much	 thinner	 and	 only	 one	 cell	 layer	 thick.	 As	 the	 neocortex	





E19.	 By	 either	 employing	 ex	utero	 electroporation	 of	 a	 GFP	 empty	 vector	 to	 label	
RGPs	(which	should	express	within	12	hours	of	electroporation),	or	Syto11	dye	to	
quickly	 label	 all	 nuclei	 (Pilaz	 and	 Silver,	 2014),	 RGP	 cells	 will	 be	 fluorescently	
labelled	for	live	imaging.	The	slices	could	be	cultured	in	blebbistatin,	which	has	been	
successfully	 employed	 in	 organotypic	 brain	 slices	 to	 inhibit	myosin	 II	 (Tsai	 et	 al.,	
2010),	 and	 then	 analyzed	 by	 fixed	 and	 live	 imaging	 to	 determine	 if	 there	 is	 an	
accumulation	of	RGP	nuclei	 at	 any	point	 during	 INM.	This	 could	be	done	 across	 a	
variety	of	embryonic	time	points	and	across	mouse	and	rat	embryos.	Furthermore,	
Ciliobrevin	 D,	 an	 inhibitor	 of	 cytoplasmic	 dynein,	 could	 be	 further	 optimized	
(currently	our	 lab	 can	only	get	 it	 to	work	 in	 low-serum	conditions)	 and	hopefully	
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used	 to	 block	 dynein	 in	 these	 slices.	 These	 experiments	would	 finally	 allow	us	 to	
conclusively	 say	 whether	 INM	 during	 corticogenesis	 is	 exclusively	 microtubule-
motor	 dependent,	 or	 whether	 there	 is	 dependence	 on	 different	 motor	 proteins	
based	on	the	morphology	and	developmental	stage	of	the	progenitor	cells.	
Clarifying	the	Role	of	Nde1	at	the	G2-to-M	Transition	
	 One	 of	 the	 largest	 unresolved	 questions	 left	 after	 the	 experiments	 from	
Chapter	2	 is	 the	role	of	Nde1	at	 the	G2-to-M	transition.	The	 field	has	 long	thought	
that	 if	 apical	 INM	 is	 completed,	 and	 the	 nucleus	 moves	 close	 enough	 to	 the	






during	apical	 INM.	This	 last	point	 is	subtle,	but	since	CENP-F	knockdown	could	be	
fully	rescued	by	BicD2	overexpression	(Hu	et	al.,	2013),	and	Nde1	is	downstream	of	
CENP-F	 in	 the	 late-G2	 pathway,	 the	 inability	 of	 Nde1	 knockdown/BicD2	
overexpression	 to	 rescue	 the	mitotic	 index	 suggests	 that	 there	 is	 a	 role	 for	 Nde1	
beyond	the	nuclear	envelope.	
	 What	this	role	could	be	remains	elusive,	but	there	are	clues	pointing	towards	
a	 few	 potential	 cellular	 processes.	 In	 Chapter	 2	 we	 provided	 evidence	 that	 the	
centrosomes	in	the	RGP	cells	arrested	at	the	G2-to-M	transition	remain	anchored	at	





of	 G2,	 then	 the	 asymmetrically	 dividing	 stem	 cells	 in	 the	Drosophila	 embryo	 will	
delay	entry	into	mitosis.	Since	Nde1	is	a	known	centrosome	scaffolding	protein,	and	










	 Another	 potential	 experiment	 involves	 examining	 the	 centrosome	behavior	
in	Nde1	RNAi	cells	by	live	imaging.	In	developing	neural	tissue	in	both	the	rat	brain	
and	chick	spinal	cord	 it	has	been	shown	that	 the	centrosome	will	detach	 from	the	
apical	 endfoot	 near	 the	 end	 of	 INM	 nucleokinesis,	 and	 move	 up	 towards	 the	
descending	 nucleus	 as	 it	 enters	 mitosis	 slightly	 before	 reaching	 the	 ventricular	
surface	 (Hu	 et	 al.,	 2013;	 Spear	 and	Erickson,	 2012).	 In	CENP-F	 and	Nup133	 RNAi,	
there	 was	 a	 reduction	 of	 “centrosome-hopping”	 events	 compared	 to	 control	 RGP	
cells,	suggesting	that	there	was	a	reduction	of	forces	from	the	nuclear	envelope	on	
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the	 microtubule	 network	 to	 pull	 the	 centrosome	 towards	 the	 nucleus	 (Hu	 et	 al.,	
2013).	While	examining	 “centrosome	hopping”	 in	Nde1	knockdown	alone	may	not	
reveal	 much,	 as	 the	 amount	 of	 dynein	 at	 the	 nuclear	 envelop	 is	 expected	 to	 be	
reduced,	 examining	 this	 phenomenon	 in	 the	 Nde1	 knockdown/BicD2	
overexpression	RGP	cells	 could	provide	 important	evidence	regarding	centrosome	
motility.	 Specifically,	 it	 is	 thought	 that	 there	 are	 short	microtubules	 that	 emanate	
from	 the	 centrosome	 and	 help	 to	 anchor	 it	 to	 the	 apical	 endfoot	 (personal	
communication	with	members	of	the	Song-Hai	Shi	laboratory),	and	these	may	need	to	
be	severed	for	centrosome	release	and	mitotic	entry.	Labelling	these	RGP	cells	with	
Arl13B	 revealed	 no	 detectable	 primary	 cilia	 remnants	 (data	 not	 shown),	which	 is	
important	 since	 some	 reports	 have	 suggested	 that	 the	 primary	 cilia	 plays	 a	more	
vestigial	 role	 in	 anchoring	 the	 centrosome	 in	 the	 apical	 endfoot	 (Insolera	 et	 al.,	




	 Finally,	 we	 have	 an	 important	 finding	 that	 a	 single-site	 phosphomutant	 of	
Nde1	 recapitulates	 the	 G2-to-M	 arrest.	 Specifically,	 there	 is	 something	 about	 the	
T246A	 site	 that	 is	 required	 for	 the	G2-to-M	 transition.	 Preliminary	 evidence	 from	
experiments	with	Nde1-T215A	indicates	that	it	does	not	block	cells	at	the	G2-to-M	
transition	 (data	 not	 shown),	 though	 experiments	 have	 not	 been	 done	with	Nde1-
T243A	alone.	Regardless,	there	appears	to	be	a	functional	difference	between	Nde1	
and	 Nde1-T246A.	 Biotinylation	 studies	 have	 been	 employed	 often	 recently	 to	
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identify	 transient	 interactions	 among	 proteins	 and	 have	 a	 high	 sensitivity	 (Firat-
Karalar	 and	 Stearns,	 2015).	 A	 comparison	 of	 the	mass	 spectrometry	 results	 from	
biotinylation	 studies	 of	 Nde1	 versus	 Nde1-T246A	 expression	 in	 RGP	 cells	 may	
reveal	 protein	 interactions	 specific	 to	 either	 form	 of	 Nde1,	 which	 could	 provide	
insight	into	the	subcellular	role	for	Nde1	at	the	G2-to-M	transition.	
The	Association	of	NDE1	Mutations	with	Schizophrenia	
	 Very	 rarely	 are	 different	 mutations	 in	 a	 single	 protein	 associated	 with	
diseases	 as	 varied	 as	 microcephaly	 and	 schizophrenia,	 though	 NDE1	mutations	
present	 such	 an	 example.	While	 the	 association	 between	 Nde1	 and	microcephaly	
has	 been	 made	 evident	 through	 the	 previous	 chapters	 and	 multiple	 studies	
(Alkuraya	et	al.,	2011;	Bakircioglu	et	al.,	2011;	Doobin	et	al.,	2016;	Feng	and	Walsh,	
2004;	 Guven	 et	 al.,	 2012;	 Paciorkowski	 et	 al.,	 2013),	we	 only	 begin	 to	 touch	 on	 a	
putative	role	for	Nde1	in	the	pathogenesis	of	schizophrenia.	Notably	overexpression	
of	 the	 S214F	 schizophrenia-associated	 form	 of	 Nde1	 did	 not	 impair	 RGP	




excitatory	 glutamatergic	 neurons	 establish	 their	 layer	 identity	 in	 the	 multipolar	
stage	(Miyoshi	and	Fishell,	2012),	blocks	in	bipolar	neuronal	migration	could	cause	
neurons	with	 superficial	 layer	 identity	 to	 be	 deposited	 in	 layers	 5/6.	 Because	 the	
neurons	 in	 different	 layers	 have	 different	 morphologies	 and	 projection	 targets	
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(Marín	and	Müller,	 2014),	 a	heterogeneous	deposition	of	neurons	 in	 the	 incorrect	
layers	could	impact	connectivity	in	the	brain.	
	 Though	 very	 little	 is	 known	 about	 its	 pathogenesis,	 schizophrenia	 can	 be	
thought	 of	 as	 a	 disease	 of	 impaired	 connectivity,	 whether	 involving	 general	 gray	
matter	 deficits	 (Cannon	 et	 al.,	 2002),	 dendritic	 spine	 density	 (Garey	 et	 al.,	 1998;	
Glantz	and	Lewis,	2000),	synaptic	pruning	(Sekar	et	al.,	2016),	inhibitory	neocortical	
circuitry	 (Lewis	 et	 al.,	 2012),	 or	 neuronal	migration	 (Muraki	 and	Tanigaki,	 2015).	
The	 variety	 of	 neurobiological	 processes	 implicated	 in	 schizophrenia	 reiterate	 an	
important	 concept	 regarding	 the	 disease:	 schizophrenia	 is	 best	 thought	 of	 as	 a	
syndrome	of	multiple	diseases	with	a	common	symptom	profile	and	disease	course	
(Fischer	 and	 Carpenter,	 2009).	 Just	 as	 congestive	 heart	 failure	 is	 a	 syndrome	 of	
impaired	filling	and	ejection	of	blood	from	the	heart	that	may	result	from	a	myriad	
of	 diseases	 including	 infectious,	 metabolic,	 genetic,	 and	 physiologic	 etiologies	
(DAWBER	et	al.,	1951;	Long	and	Fox,	2016),	schizophrenia	 is	 likely	a	syndrome	of	
positive	 and	 negative	 symptoms	 that	 may	 result	 from	 a	 variety	 of	 biological	
processes.	 A	 unifying	 theme	 resulting	 from	 these	 biological	 processes	 is	 the	
impaired	 connectivity	 of	 neurons,	which	 likely	 leads	 to	 system	 level	 disturbances,	
which	 could	 produce	 the	 positive	 and	 negative	 symptoms	 (such	 as	
delusions/hallucinations	 and	 dulled	 affect/cognitive	 slowing,	 respectively)	 seen	
with	 schizophrenia.	 The	 development	 of	 schizophrenia	 is	 thought	 to	 require	 a	










As	 the	virus	has	explosively	 spread	 through	 the	Americas,	 the	association	of	ZIKV	
with	Guillain-Barré	 syndrome	 and	microcephaly	 has	 become	 the	 greatest	 concern	
(Lessler	et	al.,	2016).	There	are	 four	plausible	hypotheses	 for	why	ZIKV	 is	causing	
new	clinical	syndromes	with	more	severe	pathology:	1)	changes	 in	 the	genetics	of	




is	responsible	 for	much	of	 the	 lethality	of	DENV	virus	–	when	a	patient	 is	 infected	




enhance	 the	 viral	 spread	 and	 innate	 immune	 response	 to	 the	 virus	 in	 a	 process	
termed	 antibody-dependent	 enhancement	 (ADE)	 (Murphy	 and	 Whitehead,	 2011;	
Pierson	and	Graham,	2016).	This	can	 trigger	 the	release	of	cytokines	and	 increase	
inflammation,	and	ADE	has	been	shown	to	occur	for	ZIKV	infection	with	antibodies	
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against	 DENV	 (Dejnirattisai	 et	 al.,	 2016).	 It	 is	 also	 important	 to	 consider	 the	
question	of	different	host	population	genetics,	and	whether	the	introduction	of	ZIKV	
into	 the	 Americas	was	 a	 random	 exposure	 to	 an	 immunologically	 naïve	 populace	
(Lessler	et	al.,	2016).	Continuous	ZIKV	exposure	in	Asia	over	the	20th	Century	may	
have	 led	 to	 small	 outbreaks	 of	 disease	 and	 pregnancy	 complications,	 but	
superimposed	on	the	spread	of	other	viruses,	and	combined	with	the	often	lifelong	
immunity	 of	 flaviviruses	 (Murphy	 and	 Whitehead,	 2011),	 it	 may	 have	 gone	
medically	 unnoticed.	 The	 achilles	 heel	 of	 this	 theory,	 though,	 is	 that	 it	 does	 not	
explain	why	ZIKV	so	quietly	existed	in	Asia	and	Africa	for	so	long,	and	then	acquired	
epidemic	potential	in	small	isolations	such	as	Yap	island	and	French	Polynesia	(Cao-
Lormeau	 et	 al.,	 2014;	 Duffy	 et	 al.,	 2009),	 followed	 by	 explosive	 virulence	 in	 the	
Americas.	
	 A	 more	 plausible	 option	 is	 that	 ZIKV	 mutated	 to	 allow	 for	 its	 increased	
spread	 and	 virulence.	 Since	 ZIKV	 is	 an	 RNA	 virus,	 and	 RNA	 viruses	 make	 many	
errors	 when	 replicating,	 the	 risk	 of	 mutations	 is	 quite	 high	 and	 could	 explain	
changes	 in	 ZIKV	behavior	 (Musso	 and	Gubler,	 2016).	Other	 arboviruses	 (in	which	
the	genus	of	Flaviviruses	are	included),	such	as	chikungunya	(Tsetsarkin	et	al.,	2007)	
and	 West	 Nile	 Virus	 (WNV)	 (Brault	 et	 al.,	 2007),	 have	 experienced	 mutations	
associated	with	epidemic	spread.	These	mutations	could	affect	the	viral	lifecycle	in	
mosquitos	 or	 human	 hosts.	While	 the	 virus	 primarily	 is	 transmitted	 by	 the	Aedes	





	 Chapter	3	demonstrated	how	an	organotypic	brain	 slice	method,	 similar	 to	
the	 one	 used	 in	 Chapter	 2,	 can	 be	 quickly	 employed	 to	 study	 the	 pathogenesis	 of	
ZIKV.	This	allowed	us	to	both	monitor	viral	replication	by	plaque	forming	assay,	as	
well	 as	 assess	 the	 pathological	 changes	 that	 occurred	 to	 the	 brain	 slices	 during	
development.	Most	importantly,	we	could	rather	rapidly	test	many	different	isolates	
across	a	variety	of	embryonic	time	points.	 In	our	slice	culture	model	all	 isolates	of	
ZIKV	 caused	 increased	 apoptosis,	 with	 isolates	 of	 the	 Asian/American	 lineages	
causing	 substantially	 more	 cell	 death.	 This	 would	 suggest	 that	 there	 is	 a	 genetic	
difference	 in	 the	 virus	 that	 arose	 between	 the	 African	 and	 Asian	 lineages	 that	
enhances	 its	 pathogenic	 potential	 (its	 ability	 to	 cause	 disease).	 One	 recent	 report	
found	 at	 least	 72	 changes	 in	 the	 ZIKV	 genome	 between	 the	 Asian	 and	 African	
lineages	(Pettersson	et	al.,	2016),	which	provides	many	potential	avenues	regarding	
pathogenic	changes	between	virus	isolates.	
	 A	 clue	 as	 to	 which	 of	 these	 changes	 in	 the	 viral	 genome	may	 enhance	 its	
pathogenic	potential	 is	provided	by	how	 the	apoptosis	was	occurring	 in	 the	brain	
slices.	 Only	 8.87%	of	 the	 cells	 in	 the	 cortical	 plate	 positive	 for	 the	 ZIKV	 envelope	
protein	(ZKV-E)	were	positive	for	cleaved	caspase	3	(CC3),	though	many	of	the	ZKV-








positive	 cells	 were	 undergoing	 the	 extrinsic	 apoptosis	 pathway,	 where	 tumor	
necrosis	 factor	(TNF)	stimulates	the	cleavage	of	caspase	8	(CC8),	which	eventually	





cells	 in	 an	 effort	 to	 contain	 the	 ZIKV	 infection.	 The	 logical	 extension	 is	 that	
microcephaly	 and	 other	malformations	 of	 cortical	 development	 that	 comprise	 the	
congenital	Zika	virus	syndrome	(CZVS)	may	occur	as	side	effects	of	the	fetus	trying	








tissue.	Critically	we	devised	a	way	 to	deproteinate	 the	ZIKV	 to	 isolate	 the	positive	
single-strand	RNA	(ssRNA),	which	we	were	able	to	inject	and	electroporate	into	the	
	 162	
RGPs	 of	 the	 developing	 brain.	 This	 allowed	 us	 to	 determine	 if	 the	 30656	 isolate	












These	 experiments	 provide	 important	 insight	 into	 the	 ZIKV	 lifecycle	 in	
neuronal	 tissue.	 ZIKV,	 like	 other	 flaviviruses,	 is	 thought	 to	 bind	 a	 tyrosine-kinase	
surface	 receptor,	 which	 triggers	 clathrin	 mediated	 endocytosis,	 and	 then	 in	 the	
acidic	endosome	the	virion	membrane	fuses	with	the	endosome	membrane	to	allow	
for	 the	release	of	 the	ssRNA	into	the	host	cell	 (Pierson	and	Diamond,	2012).	Since	










and	 involve	 changes	 from	 a	 hydrophobic	 to	 a	 polar	 residue	 (alanine	 to	 serine	 at	
214)	and	a	negative	charge	in	place	of	a	neutral	residue	(glycine	to	a	glutamic	acid	at	
219)	 (Figure	 4.1).	 These	 all	 present	 targets	 at	 the	 amino	 acid	 level	 for	 better	
understanding	the	neurovirulence	of	ZIKV,	and	the	relevance	of	these	residues	will	
be	 tested	 once	 infectious	 clones	 of	 the	 virus	 are	 generated.	 Additionally,	 if	 the	
necessity	 of	 these	 residues	 is	 confirmed	 by	 infectious	 clone	 studies,	 they	 present	
very	 attractive	 pharmacological	 targets	 for	 drug	 design	 meant	 to	 block	 ZIKV	
infection	of	neuronal	tissue.	
The	Risk	of	Congenital	Zika	Virus	Syndrome	Based	on	Gestation	Age	
	 As	 the	 ZIKV	 epidemic	 has	 swept	 across	 the	Western	 Hemisphere,	 a	 major	
concern	has	been	at	what	stage	of	pregnancy	are	women	at	risk	of	having	their	fetus	






develop	microcephaly	or	other	 forms	of	CZVS	 from	ZIKV	 infection.	Early	 evidence	
suggested	that	the	risk	was	only	during	the	first	and	second	trimester	(Brasil	et	al.,	





head	 circumference	 but	 intracranial	 abnormalities	 including	 subependymal	 cysts	
and	 lenticulostriate	 vasculopathy	 (Soares	 de	 Souza	 et	 al.,	 2016).	 The	 cysts	 could	
form	 as	 the	 consequence	 of	 cell	 death,	while	 lenticulostriate	 vasculopathy	 results	
from	damage	to	the	blood	vessels	in	the	deep	brain	structures,	and	ZIKV	is	known	to	
infect	and	damage	blood	vessels	and	the	blood	brain	barrier	(Shao	et	al.,	2016).	
	 Studies	 have	 examined	 intracranial	 injection	 of	 postnatal	 mice	 with	 ZIKV	
(Huang	 et	 al.,	 2016)	 or	 the	postnatal	 outcomes	 in	mice	 infected	with	ZIKV	during	
early-	 or	 mid-gestation	 (Miner	 et	 al.,	 2016;	 Shao	 et	 al.,	 2016),	 but	 no	 one	 has	












its	 behavior	 from	 the	 other	 isolates	 suggests	 that	 the	 virus	 is	 mutating.	 Our	
preliminary	analysis	of	the	genome	of	the	Honduran	isolate	did	not	show	any	overt	
candidates	 for	 genomic	 changes	 unique	 to	 this	 isolate.	 Additionally,	 it	 remains	
unknown	 if	 the	 other	 isolates	 are	 unable	 to	 infect	 and	 replicate	 because	 they	 are	
unable	to	get	into	the	neuronal	cells,	or	if	the	internal	cellular	environment	does	not	
support	their	replication.	At	this	point	ex	utero	electroporation	studies	of	the	ssRNA	
for	 these	 isolates	 into	 E19	 brains	 remains	 inconclusive.	 Since	 our	 experimental	
model	bypasses	viral	 transport	 from	the	mother	 to	 the	 fetus,	 it	also	does	not	 take	







	 There	 is	 a	 great	 effort	 underway	 to	 develop	 an	 effective	 vaccine	 for	 ZIKV	
(Dowd	et	 al.,	 2016).	There	 exist	 successful	 vaccines	 for	other	Flaviviruses	 such	as	
Japanese	 Encephalitis	 Virus	 and	 Yellow	 Fever	 (Larocca	 et	 al.,	 2016),	 and	 even	 as	
recently	as	last	year	a	DENV	vaccine	was	finally	proven	effective	through	a	Phase-III	
clinical	 trial	 (Hadinegoro	et	 al.,	 2015).	These	all	provide	hope	 that	 a	ZIKV	vaccine	
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can	quickly	proceed	through	development	and	gain	approval.	It	should	be	noted	that	
there	 are	 many	 difficulties	 with	 successful	 vaccine	 design	 for	 flaviviruses,	
exemplified	 in	 the	 development	 of	 the	 DENV	 vaccine	 (Hadinegoro	 et	 al.,	 2015).	












where	 a	 DNA	 plasmid	 encoding	 the	 antigen	 is	 injected	 as	 opposed	 to	 a	 live-
attenuated	virus	or	a	virus	protein	subunit	(Abbink	et	al.,	2016;	Dowd	et	al.,	2016).	
Due	 to	 the	 rapid	 success	of	 the	vaccine	 trials	 in	monkeys	and	mice	 there	are	now	
three	Phase	 I	 clinical	 trials	underway	 to	 examine	 the	vaccine	potential	 in	humans	
(ClinicalTrials.gov	identifiers:	NCT02963909,	NCT02952833,	NCT02840487)	
	 Both	 trials	 that	 examined	 vaccine	 efficacy	 in	 monkeys	 demonstrated	 that	
animals	vaccinated	against	Brazilian	or	Puerto	Rican	 isolates	had	protection	when	
challenged	 with	 the	 other	 isolate	 (Dowd	 et	 al.,	 2016;	 Hadinegoro	 et	 al.,	 2015).	 A	
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study	 in	mice	using	neutralizing	antibodies	generated	against	 the	E	protein	 found	
one	 antibody	 that	 protected	 against	 five	 isolates	 across	 the	 African,	 Asian,	 and	
American	 lineages	 (Sapparapu	 et	 al.,	 2016).	 Nonetheless,	 they	 only	 examined	 one	
isolate	 in	the	American	lineage,	and	the	vaccine	studies	were	challenged	only	with	
older	 isolates	 from	 Brazil	 and	 Puerto	 Rico.	 Our	 studies	 do	 suggest	 that	 ZIKV	 is	
mutating,	and	that	recent	isolates	are	behaving	differently	from	others,	but	they	do	
not	provide	any	cause	for	alarm	with	regards	to	vaccine	testing.	Merely,	it	suggests	
that	 ZIKV	 may	 have	 the	 capacity	 to	 evolve	 as	 it	 spreads,	 developing	 multiple	
serotypes	similar	to	DENV,	and	that	vaccine	trials	should	encompass	many	isolates	
across	a	broad	temporal	and	geographical	spectrum.		
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